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Resum 
En aquest projecte s’ha dut a terme un estudi de la metanació del diòxid de carboni (CO2) per a la 
producció de gas natural sintètic mitjançant plasma-catàlisis , una alternativa per a activació més ràpida 
i una temperatura del reactor més baixa. Es donarà un especial enfocament en l’efecte de la 
temperatura al procés de metanació. En aquest projecte es va determinar la millor aplicació de 
potència per a aconseguir la màxima eficiència energètica i estudiar com hi afecta l’aïllament, així com 
el seu en la temperatura del reactor i la conversió de CO2. Amb aquest fi es va fer servir un reactor de 
quars juntament amb un generador de plasma de tipus  descàrrega de barrera dielèctrica (DBD) per a 
catalitzar la reacció. L’efecte del plasma i l’aïllament del reactor a la temperatura, conversió de CO2 ha 
estat estudiat en un reactor buit, en un reactor amb suport, òxid d’alumini (III) (Al2O3), i les dues 
composicions del catalitzador: 15Ni30Ce55Al2O3 i 25Ni20Ce55Al2O3. El rang d’estudi de potència 
aplicada va ser de 0-25W a pressió atmosfèrica. Es va observar que l’increment de temperatura causat 
per l’aïllament del reactor es beneficiós sempre que es controli adequadament. La màxima conversió 
de CO2 sense aïllament es va donar amb el catalitzador de 15Ni30Ce a 25W de potència aplicada amb 
una conversió del 80,2%. La màxima eficiència energètica, però, es va assolir a 20W, amb 38,8%, per al 
mateix catalitzador. Amb l’addició de l’aïllament, es va trobar que la màxima conversió per al 
catalitzador de 15Ni30Ce es trobava a 12W amb una conversió del 79,9%, mentre que el catalitzador 
de 25Ni20Ce presentava un màxim de conversió de 78,8% a 14W. La màxima eficiència energètica dels 
dos catalitzadors es va trobar a 12W, amb 46% i 44,7% respectivament, superior al cas sense aïllament. 
Tot hi això, el comportament del dos catalitzadors al reactor aïllat porta a la conclusió que la composició 
del catalitzador té un efecte molt reduït en la conversió de CO2 i eficiència energètica, tenint la potència 
aplicada i la temperatura un paper més important en els resultats. 
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Resumen 
En este proyecto se ha llevado a cabo un estudio en la metanación del dióxido de carbono (CO2) para 
la producción de gas natural sintético mediante plasma-catálisis, una alternativa para una activación 
más rápida y una temperatura del reactor inferior, con un especial enfoque en el efecto de la 
temperatura en el proceso. En este trabajo se ha determinado la mejor potencia de entrada y la mejor 
eficiencia energética, así como el efecto del aislamiento del reactor en ella, junto a la temperatura y 
conversión de CO2. Para este fin se ha utilizado un reactor de cuarzo junto a un generador de plasma 
de tipo descarga de barrera dieléctrica (DBD) para la catálisis de la reacción. Se ha estudiado el efecto 
del plasma y el aislamiento en un reactor vacío, en un reactor con soporte, óxido de aluminio (III) 
(Al2O3), y las dos composiciones del catalizador: 15Ni30Ce55Al2O3 y 25Ni20Ce55Al2O3. El rango que se 
ha estudiado es desde 0-25W de potencia aplicada a presión atmosférica. Se ha observado que el 
aislamiento de reactor causa un incremento de la temperatura que, de ser controlado adecuadamente, 
ha demostrado ser beneficioso para el proceso. La máxima conversión sin aislamiento ha sido de 80,2% 
a 25W para el catalizador de 15Ni30Ce. Sin embargo, la máxima eficiencia energética se ha alcanzado 
a 20W de potencia de entrada, con una eficiencia del 38,8%. En el reactor aislado se ha visto que, para 
el catalizador de 15Ni30Ce, la máxima conversión de CO2 se ha conseguido a 12W con un 79,9%, 
mientras que para el catalizador de 25Ni20Ce se ha conseguido en 14W, con 78,8%. Para ambas 
composiciones la máxima eficiencia se ha conseguido a 12W, con 46% y 44,7% respectivamente, 
superior al caso sin aislamiento. Aun así, el comportamiento de ambos catalizadores en el reactor 
aislado lleva a la conclusión que la composición del catalizador tiene muy poco efecto en la conversión 
de CO2 y la eficiencia energética, mientras que la temperatura y la potencia de entrada tienen un papel 
más importante en los resultados. 
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Abstract 
Thorough this project, a study on the methanation of carbon dioxide (CO2) for the production of 
synthetic natural gas via plasma catalysis was performed, an alternative for faster activation and lower 
reactor temperature, with a special focus on the effect of temperature to the process. In this work, the 
best energy input for the maximum energy efficiency was determined as well as the effect of the 
insulation of the reactor on the temperature, conversion and energy efficiency. To this end, a quartz 
reactor was used alongside a dielectric barrier discharge (DBD) plasma generator, for the catalysis of 
the reaction. The effect of plasma and insulation was studied on an empty reactor, on a reactor with 
aluminum (III) oxide, the support for the catalyst, and two composition of the catalyst: 
15Ni30Ce55Al2O3 and 25Ni20Ce55Al2O3. The range of study was from 0-25W at atmospheric pressure. 
It was observed that insulation of the reactor causes an increase of temperature that has proven to be 
beneficial if handled with care. The maximum CO2 conversion without insulation is of 80.2% for the 
15Ni30Ce catalyst at 25W of power input. The maximum energy efficiency however is reached at 20W 
with an efficiency of 38.8%. In an insulated reactor it was found that the 15Ni30Ce catalyst had the 
peak of CO2 conversion at 12W with 79.9% while the 25Ni20Ce had the peak at 78.8% at 14W. The 
maximum energy efficiency of both catalysts is found at 12W, with 46% and 44.7% energy efficiency 
respectively, higher than without insulation. The behavior of both catalysts on an insulated reactor 
however bring to the conclusion that the composition of the catalysts has little effect on their CO2 
conversion and energy efficiency, having power input and temperature a greater role on the results. 
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Glossary of terms 
Dielectric Barrier Discharge (DBD) plasma: method used to generate plasma. Consists in the 
application of voltage to a couple of electrodes separated by a dielectric barrier.  
Plasma-catalysis: technique that uses plasma as a catalyst for chemical reactions. There are diverse 
methods for plasma generation that can be applied.  
Synthetic natural gas: a fuel gas that is a product of methanation of carbon dioxide. A substitute to 
natural gas, it must contain at least 95% of methane to be distributed.  
Thermal-catalysis: technique that uses heat as a catalyst for chemical reactions.  
Al2O3/alumina: aluminum (III) oxide.  
Ar: argon gas. 
CH4: methane gas. 
CO: carbon monoxide gas. 
CO2: carbon dioxide gas. 
H2: dihydrogen gas. 
SCH4: percentage of selectivity of the conversion towards CH4. 
XCO2: percentage of CO2 conversion. 
ΔH: enthalpy of reaction at 25⁰C. 
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1. Foreword 
1.2. Origins of the project 
The present study is developed in the frame of the project COSIN (Combustibles sintetics), started in 
2016, led by Gas Natural Fenosa (now Naturgy) and with collaboration of 6 research and industrial 
partners: Labaqua, Cetaqua, IREC, FAE, AMES and UPC. The COSIN project (COMRDI15-1-0037) is co-
funded by ACCIÓ and the European Regional Development Fund (FEDER) under the RIS3CAT Energy 
Community. 
The context of the project is that the use of carbon sources of biogenic origin and their energy 
revalorization contribute to the reduction of emissions and the circular economy of CO2. The 
production of biogas by anaerobic digestion is a usual industrial process for the treatment of organic 
matter, however the resulting biogas has a low calorific value and its revaluation to synthetic natural 
gas (SNG), through the possibility of separating CO2 from CH4 is of great interest. Besides, the 
hydrogenation of the separated CO2, or of the biogas itself, allows the production of SNG with 
integration of surplus energy renewable energies for chemical energy storage. 
 
Figure 1 COSIN project scheme including the partners involved in each work package. Source: IREC. 
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The objective of the COSIN project is to advance the state of the art by developing new forms of SNG 
production, providing benefit to the technology. Likewise, new concepts of catalytic hydrogenation 
(plasma-catalysis), new more effective ways of obtaining hydrogen from electrolysis or co-electrolysis 
of H2O and CO2 at high temperatures (solid oxide electrolysis cell, SOEC) will be developed to obtain 
synthesis gas (H2: CO) as a methane precursor. The main objective of the project is to achieve full 
hydrogenation of CO2 with the maximum CH4 yield possible. With this aim, the design and optimization 
of new reactors and catalysts are needed. The distribution of these tasks can be seen in Figure 1. 
1.3. Personal motivation 
My personal interest in the subject of CO2 recycling and overall environmental topics on an engineering 
level is what brought me to decide to participate in this project. I wanted to add my specific 
contribution in advancing the state of the art of plasma-catalysis reactors. From the beginning of this 
work and until the end, the subject caused an increasing interest and its possibilities for the future are 
endlessly interesting. 
1.4. Desirable background 
To carry out the project, deep chemical engineering skills were necessary. In particular, experience in 
mass balance, chemical reaction pathways, reactor design, energy balance, thermodynamics and 
kinetics of chemical reaction. Besides, the project complexity also requires knowledge in physics. 
Specifically, familiarity with the fourth state of matter: plasma. 
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2. Objectives 
The present study is focused on the reaction of methanation of carbon dioxide through a different 
approach from the classical heat activation of the reaction. It is evaluated the reaction catalyzed with 
plasma, which triggers a faster activation than a heating reactor and at, presumably, lower 
temperatures. 
2.1. Specific targets 
This study evaluates two different active catalysts for the Sabatier reaction under plasma activation. 
Catalysts are subjected to different power input for plasma formation in order to determine the most 
efficient energy wise. The experimental results are complemented with fundamental analysis. 
Therefore, the effect of temperature and reactor insulation was studied and the benefits for the 
process evaluated. In this sense, the effect of plasma was carried out individually in each gas. Then, the 
addition of non-active material with similar properties, and finally, adding active catalysts was 
evaluated. The heat isolation of the reactor (adiabatic reactor) was studied to harvest the heat released 
by the chemical reaction and plasma formation. The final objective is to select the best catalytic 
material and the most efficient working conditions, power input and reactor isolation, for the Sabatier 
reaction through plasma-catalytic reactor design.  
2.2. Scope 
This project includes experimental work on:  
- Synthesis of catalysts 
- Material characterization 
- Catalytic performance  
o Under plasma over different power input 
o Individual behavior of the gases on empty reactor, support and catalyst 
o With and without thermal insulation of the reactor 
Finally, it is evaluated the energy efficiency of the process for each catalyst, with and without insulation, 
on the reactor and at each of the studied power inputs.  
 
 
TEMPERATURE EFFECT ON DBD PLASMA-CATALYSIS FOR CO2 CONVERSION TO SYNTHETIC NATURAL GAS 
  5 
3. Introduction 
3.1. Background 
Nowadays society confronts various severe crisis, two of which are the climate change and the scarcity 
of fossil-origin fuels. While there are measures to prevent or counter these crises, they are still far from 
being solved and the economic viability of some of the measures make the process slow. The 
greenhouse effect, principal cause of the climate change, is still present and its effects will last a long 
time. The CO2 emissions are much higher than is sustainable and continue to increase yearly, as seen 
in Figure 2 and Figure 3, and solutions need to be proposed and implemented. On the other side 
renewable energies production has been growing in the last years, but still have much to grow and the 
technology much to evolve. 
 
Figure 2 Global greenhouse emissions. Source: (1). 
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Figure 3 CO2 concentration evolution. Source: (2). 
 
3.1.1. CO2 effects in the greenhouse effect 
As stated before, the greenhouse effect is the principal cause of the climate change, a problem that is 
causing irreversible effects on the world, effects that will continue growing if measures are not taken 
sooner rather than later. The cause of this phenomenon is the emission of a series of gases known as 
greenhouse gases, which cause the reflection of part of the radiation received from the sun into the 
atmosphere, warming this way the planet beyond natural point. That phenomenon by itself it is not 
harmful and was crucial for the development and supporting of life on the planet, but human 
greenhouse gases emissions are strengthening its effects, which will cause irreversible changes in the 
ecosystem. 
The three gases that contribute the most to the greenhouse effect are water (H2O) vapor, with a 
contribution of 60%, CO2 with a 26% and ozone (O3) with an 8%. Closely following is methane (CH4) 
with c.a. 6% (3). These values are valid for clear sky. If H2O vapor is not taken into account, CO2 
contribution is of 81% (4), making it the principal greenhouse gas. As of 2016, there were a total of 
emissions of 49,3 gigatonnes of CO2 equivalent of GHG, of which 35.6 gigatonnes are CO2 (5). Of these 
emissions, 78% come from industrial use, specifically 22% from industry, 28% from energy and 28% 
from transport  (6). 
Total greenhouse effect gases emissions worldwide have been increasing and the trend does not show 
signs of change(1). From 1990 to 2012, the emissions of CO2 increased 40% and, while some countries 
have lowered their emissions, others have increased them, specially developing countries(5). 
The lifetime of CO2 in the atmosphere originated from fossil fuels is not exactly determined and it varies 
considerably in function of which model was used to calculate it. Using the simplest models, CO2 
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lifetime is between 30-95 years. Using much more complex models its lifetime is more than 10.000 
years and even up to more than 100.000 years(7). These predictions assure that any change made 
nowadays will have a long-lasting effect on the planet. 
In conclusion, the reduction of CO2 emissions and eventually the end of emissions is key to, if not 
stopping the effects of climate change, reducing them. Therefore, carbon capture, use and storage 
technologies (CCUS) need to be developed and deployed in the near future. 
3.1.2. Renewable energies 
As of the end of 2016, the renewable energies have a generating capacity to produce 24.5% of global 
energy. Of that capacity, 16.6% corresponds to hydropower, 4% to wind power, 2% to bio-power, 1.5% 
to solar power and 0.4% to other sources(8). The principal restriction with renewable energies is that 
generation from some of its sources is weather dependent. That means that there are periods where 
there is not enough power generation to satisfy the demands of the net. On the other side, there are 
periods where the power generation is greater than the demand. The solution for this erratic power 
generation is the storage of energy. 
In the situation of a surplus of energy production, the electrical grid can act as a temporary storage 
system for the excess of energy. The problem is that current storage methods for electrical power are 
not efficient enough to satisfy the storage needs. To that end new storage technologies and methods 
are being investigated, amongst them chemical energy storage methods. 
3.1.3. Power-to-Gas as a possible solution 
Renewable energies can help to decrease the emissions originated from energy production, but it only 
equates to 28% of CO2 emissions and still presents the issue of the lack of reliability for constant power 
generation (4)(6). This still leaves more than 70% of CO2 emissions without solution. Multiple solutions 
have been proposed, and there is one solution addressed to the issues with reliability of renewable 
energy supply and reducing CO2 emissions. That is the storage of the surplus of energy as synthetic 
natural gas. As SNG is produced using CO2 as a primary source, as it will be explained in section 3.3.1, 
this method provides a solution to the two issues a hand.  
The Power-to-Gas (P2G) method consists on the use of surplus electrical energy to produce hydrogen 
(H2) from water electrolysis, which will be explained in section 3.2. After the separation of the produced 
H2 from other gases, if present, it is mixed with CO2 and the methanation process begins, as seen in 
Figure 4.  
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The use of CH4 as an energy source may seem counterproductive, as it generates CO2 emissions. 
Although there are emissions, these are lower than other’s fossil fuels. CH4 generates approximately 
15 Kg C·GJ-1, while coal generates 26 Kg C·GJ-1and carbon oils 20 Kg C·GJ-1 (5).  
The advantage of this method is that there is already a distribution network where SNG can be injected 
once the conditions are met, so transport is easier than other possible solutions like hydrogen. 
Additionally, water electrolysis is a mature technology, and thus, available and ready for their 
implementation. However, further research and development efforts are now focused on increasing 
efficiency and reduce costs to replace current H2 obtained from fossil fuels reforming. Yet the costs of 
implementation and operation are high, from both operations, water electrolysis and methanation. 
This limits the implementation on industrial levels. Other possible solutions are pumped hydro storage 
or batteries but these present issues of their own. For hydro pumped storage, even though a grid 
already exists, reducing investment costs, is very limited regarding the possible geographical placement 
of the facilities. On the other hand, batteries come in multitude of technologies and are adaptable to 
most of the places. The downside is the hazardous components they contain and the service life, 
relatively short in comparison. 
 
 
Figure 4 Process for the Power-to-Gas production. 
 
3.2. Water electrolysis 
Water electrolysis is the first step into electrical power conversion to chemical energy. While this 
conversion can be already considered a storage option, the issue with this storage method is the need 
to build a network for H2 distribution, whereas with SNG the net is already built so only improvements 
and specific regulations are needed. It is a well-studied and mature technology, although new methods 
of water splitting are being developed, at different stages of the process. There are three main water 
electrolysis technologies, as seen in Figure XX, and they will be discussed briefly below. 
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Figure 5 Water electrolysis cell technologies: a) alkaline water electrolysis, b) proton exchange membrane electrolysis 
and c) solid oxide electrolysis. 
Alkaline water electrolysis (AEC) is the most mature technology for the splitting of water into H2 and 
O2 The operating temperature of this process is around 40-90 ⁰C(9)–(11) and works at less than 
30bar(12). As an electrolytic cell, it is composed of three parts: two electrodes, an anode and a cathode 
and an electrolyte, as seen in Figure 5 a). 
The anode can be composed of nickel materials(13), tungsten with manganese oxides (MnOx), 
molybdenum with MnOx or a mixture of molybdenum and manganese oxides(𝑀𝑛1−𝑥𝑀𝑜𝑥𝑂2+𝑥 )(14), 
amongst others. The 𝑀𝑛1−𝑥𝑀𝑜𝑥𝑂2+𝑥 anode has proven to have a 100% oxygen evolution 
efficiency(15).  
The reaction that takes place in the anode is the next(13)(16): 
𝟐𝑶𝑯− →
𝟏
𝟐
𝑶𝟐 + 𝑯𝟐𝑶 + 𝟐𝒆
− 
(Eq. 3.2.1) 
For the cathode, like the anode,  nickel materials and alloys are a possible choice (14), as well as mild 
steel(13). On this side of the electrolytic cell the reaction is(13)(16): 
𝟐𝑯𝟐𝑶 + 𝟐𝒆
− → 𝟐𝑶𝑯− + 𝑯𝟐 (Eq. 3.2.2) 
As for the electrolyte, in AEC usually is an aqueous solution of potassium hydroxide (KOHaq), with a 
concentration of KOH of 10-40 wt% (12)(13)(16) in order to produce better conductivity of electricity. 
Another possible electrolyte is potassium hydroxide (NaOHaq) although this one presents a series of 
issues that make KOH a more popular choice. NaOH is more corrosive towards nickel and steel and 
KOH offers a better electrical conductivity.  
This process has a voltage efficiency of 62-82% and a cell voltage of 1.8-2.5V, an energy consumption 
of the system of 4.5 – 6.6 KWh·Nm-3 and a current density up to 0.4 A cm-2 (10)(11)(13)(17). Having a 
current density so low, the area needed to produce large amounts of H2 is considerable. On the other 
hand, being a mature technology and not using noble metals, its costs are relatively low, not counting 
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operational costs. Additionally, they are durable, with a lifetime of the system of 20-30 years, and easily 
available. 
The use of the proton exchange membrane technology (PEM) as electrolyte originated the proton 
exchange membrane technology (PEMEC), as seen Figure 5 b). The membrane inhibits the crossover 
of the gas, phenomenon that happens in AEC and reduces efficiency, while enabling great proton 
conductivity and high pressure functioning (17). 
In this case, the anode is usually made of platinum (Pt) or an alloy of platinum and palladium (Pt-Pd). 
The reaction that takes place is the next:  
𝑯𝟐𝑶 →
𝟏
𝟐
𝑶𝟐 + 𝟐𝑯
+ + 𝟐𝒆− 
(Eq 3.2.3) 
On the other hand, the cathode with best performance are those composed of ruthenium (IV) oxide 
(RuO2) or iridium (IV) oxide (IrO2). The reaction taking place in the cathode’s side is (12):  
𝟐𝑯+ + 𝟐𝒆− → 𝑯𝟐 (Eq 3.2.4) 
The most used electrolytes, which is a solid membrane, are Nafion® and fumapem®. 
This process has a voltage efficiency of 67-82% and a cell voltage of 1.8-2.2V. These parameters do not 
differ much from those of AEC. Likewise, the system energy is also similar, ranging from 4.2 – 6.6 
KWh·Nm-3, as is the operation temperature, which is between 50-90⁰C.With a maximum current 
density of 2 A·cm-2 the functioning area needed for the operation is much lower than that of AEC.  (10)–
(13)(17).  The key benefits of this technology are its fast response, which would adapt much better to 
the needs of renewable energy production and a smaller size.  
Despite their advantages, the fact that precious metals are essential components of the electrodes as 
well as the complexity of the system due to high pressure conditions make this technology expensive.  
The lifetime of the system is of 10-20 years, shorter than AEC.  
 The need to operate at high temperature to further increase productivity gave way to the solid oxide 
electrolysis cell (SOEC). In this case, the electrolyte is a ceramic membrane usually composed of ytria 
stabilized zirconia (YSZ, ZrO2-doped with an 8-12% mol of yttrium (III) oxide (Y2O3) 
(10)(12)(13)(17)(18).As seen in Figure 5 c), the anode is usually composed of lanthanum strontium 
manganite(LSM) over a YSZ. On an anion conductor electrolyte, the reaction for the anode is: 
𝑶𝟐− →
𝟏
𝟐
𝑶𝟐 + 𝟐𝒆
− 
(Eq. 3.2.6) 
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For the cathode, the most common materials are metallic nickel over YSZ. In this case, if the electrolyte 
is an anion conductor, the reaction on the cathode is: 
𝑯𝟐𝑶 + 𝟐𝒆
− → 𝑯𝟐 + 𝑶
𝟐− (Eq. 3.2.7) 
The working temperature of this system is from 650-1000⁰C, usually at 900⁰C. With a cell voltage of 
0.7-1.5V and a current density of 2 A·cm-2, which makes this system really efficient, as will be explained 
afterwards. The high efficiency of this system is caused because, at high temperature, the system’s 
Gibbs energy is lower than at room temperature. Counting with the fact that enthalpy remains roughly 
the same, the electrical energy demand diminishes at higher temperature. Additionally, the materials 
have a low cost and the operating pressure is low, of up to 25bar(10)(12)(13)(17)(19). This makes this 
technology really attractive to convert electrical energy in H2. 
On the other hand, there are several issues that have to be considered. The first of them is that this 
technology is still in its development stage. And possibly the most important issue to be solved is the 
degradation of the materials. High temperature means that the materials of the system will degrade 
quickly and will have to be replaced often.  
 
3.3. Chemical reactions 
Discovered in 1897 by Paul Sabatier and Jean-Baptiste Senderens, these reactions convert CO and CO2 
to CH4 in a reaction with H2, generating water as a by-product.  Exploration on these reactions increased 
dramatically on the 1970s and 1980s, when prices of oil increased dramatically as a consequence of 
the interruption of Middle East oil exports followed by Russia (20). In this section a brief explanation of 
the reactions involved in the Sabatier Reaction and some of the competitor reactions. Additionally, a 
review of the more common reactors commercially used for this reaction will be given as well as a 
review on the more common catalysts for the classical approach to the methanation process. 
 
3.3.1. Reaction pathway 
The Sabatier reaction consists of two different reactions, which are the following: 
𝑪𝑶𝟐 + 𝟒𝑯𝟐 ↔ 𝑪𝑯𝟒 + 𝟐𝑯𝟐𝑶 ; ∆𝑯 = −𝟏𝟔𝟓
𝒌𝑱
𝒎𝒐𝒍
, (Eq. 3.3.1.1) 
and:  
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𝑪𝑶 + 𝟑𝑯𝟐 ↔ 𝑪𝑯𝟒 + 𝑯𝟐𝑶 ; ∆𝑯 = −𝟐𝟎𝟔
𝒌𝑱
𝒎𝒐𝒍
. (Eq. 3.3.1.2) 
Those reactions are thermodynamically favored at lower temperatures. However, at low temperatures 
they are not kinetically favored, making the reactions too slow to be practical. This creates the need 
for a compromise between thermodynamic favorable temperature and kinetically favored 
temperatures.  Additionally, CO2 is highly inert chemically, making its reaction difficult to achieve. The 
most successful results can be obtained at around 300⁰C and up to 30bar of pressure (21) with the 
current methods. 
The dissociation of CO2 follows the next reaction: 
𝑪𝑶𝟐 ↔ 𝑪𝑶 +
𝟏
𝟐
𝑶𝟐;  ∆𝑯 = 𝟐𝟖𝟑
𝒌𝑱
𝒎𝒐𝒍
 
(Eq. 3.3.1.3) 
This reaction requires great amounts of heat to occur, and in the presence of H2 does not take 
place(22). 
While at low temperature the Sabatier reaction is the most favored thermodynamically, at high 
temperature there are a series of competitor reactions, which are as follow:  
𝑯𝟐 + 𝑪𝑶𝟐 ↔ 𝑪𝑶 + 𝑯𝟐𝑶; ∆𝑯 = 𝟒𝟏
𝒌𝑱
𝒎𝒐𝒍
 
(Eq. 3.3.1.4) 
Named reverse water gas shift, this is the main competitor reaction for the Sabatier reactions and limits 
the methane yield of the reaction by favoring CO formation. 
Next is the reaction mainly responsible for the deactivation of the catalyst, the Boudouard reaction: 
𝟐𝑪𝑶 ↔ 𝑪 + 𝑪𝑶𝟐;  ∆𝑯 = −𝟏𝟕𝟐
𝒌𝑱
𝒎𝒐𝒍
 
(Eq. 3.3.1.5) 
 This reaction is favored if the feed is under understoichiometric ratios.  
Related with the fouling of the catalyst there is the CO reduction reaction, which is:  
𝑪𝑶 + 𝑯𝟐 ↔ 𝑪 + 𝑯𝟐𝑶; ∆𝑯 = −𝟏𝟑𝟏
𝒌𝑱
𝒎𝒐𝒍
 
(Eq. 3.3.1.6) 
This reaction along with Boudouard reaction are the ones responsible for the fouling of the catalyst. 
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Finally, in smaller quantities there are the reaction of formation of alkanes(Eq. 3.3.1.) and alkenes(Eq. 
3.3.1.)(21)(23)(24): 
𝒏𝑪𝑶 + (𝟐𝒏 + 𝟏)𝑯𝟐 ↔ 𝑪𝒏𝑯𝟐𝒏+𝟐 + 𝒏𝑯𝟐𝑶 (Eq. 3.3.1.7) 
𝒏𝑪𝑶 + 𝟐𝒏𝑯𝟐 ↔ 𝑪𝒏𝑯𝟐𝒏 + 𝒏𝑯𝟐𝑶 (Eq. 3.3.1.8) 
As explained before, the Sabatier reactions are thermodynamically favored at lower temperatures but 
not kinetically favored, which are at higher temperatures. There are however several issues with the 
reactions at higher temperatures. The first one is that, as these reactions are equilibrium reactions, at 
higher temperatures the equilibrium is displaced to the reactants rather than to the products. For this 
reason for the reaction to be viable there is need of a catalyst that promotes the desired reactions(25). 
The second issue is that the reverse water gas shift reaction is favored at higher temperatures which 
reduces the yield of CH4 and therefore the efficiency of the system. Another issue is the need of a 
catalyst that can work on these conditions with a long enough lifespan to be viable. 
On the other hand, as this reaction is exothermic the control of the reactor temperature is key, as will 
be explained afterwards. The reactions release, as heat, approximately 17% of the heating value of 
CH4. Specifically, the heat release is: 
 1.8 
𝑘𝑊
𝑁𝑚3 𝑜𝑓 𝑆𝑁𝐺
  for CO2 methanation (Eq. 3.3.1.1). 
 2.3 
𝑘𝑊
𝑁𝑚3 𝑜𝑓 𝑆𝑁𝐺
  for CO methanation (Eq. 3.3.1.2) 
3.3.2. Catalysts 
Already in 1902 Sabatier and Sanders discovered that nickel was a very active catalyst for the 
methanation process. 
There are certain characteristics a catalyst is preferred to have. Some of these are(26): 
 High mechanical strength. 
 High attrition resistance. 
 Large pore volume. 
 High thermal resistance. 
 High active surface area per volume unit. 
Of these characteristics, the support provides with the shape and size of the catalyst’s body, the 
mechanical strength and the pore related characteristics, whereas also provides a physical support for 
the active component in an internal surface. 
The most studied metals for the catalysis of methanation are noble metals and transition metals. There 
are several factors to take into account when choosing a catalyst, some of which are activity, selectivity 
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and price. These factors will be explained alongside some other in this review of the materials for a 
methanation catalyst. Besides, the support has to be chosen carefully so a review of the more common 
supports and some of their benefits.  
The most common active, support and promoter materials for the catalyst and some of their 
characteristics, advantages and disadvantages are: 
 
 ACTIVE MATERIAL 
Nickel (Ni) is the most common choice for methanation catalysts. Already in 1902 Sabatier discovered 
that nickel had a high selectivity towards CH4 with a great activity for methanation. It is relatively cheap 
compared to precious metals and has a great dispersion over the support, favoring the reaction. This 
makes Ni a generally better catalyst than iron or cobalt, despite some of their perks. It is commonly 
supported by an alumina support(21)(25)(27)(28). The price of Ni as of 12th of November of 2018 is 
9.93 €·Kg-1 (29).  
Some drawbacks of Ni as a catalyst are its high tendency to oxidize and the possibility of formation of 
nickel carbonyl (Ni(CO)4), a really toxic compound for humans, especially at temperatures lower than 
250⁰C and high pressure, deposition of carbon as a byproduct (Eq. 3.3.1.5 and Eq. 3.3.1.6) , sintering 
of the catalyst and sulfur poisoning if present and a short lifetime. (23). 
Cobalt (Co), with an activity similar to nickel, this metal has a lower selectivity. The previous facts 
combined with a higher price compared to nickel, of 44.21 €·Kg-1 as of 12th of November of 2018 (29) , 
cobalt has not received much more attention as a methanation catalyst. Like Fe, Cu has a high tendency 
to oxidize in oxidizing atmospheres (13)(21)(24)(27)(29). 
Iron (Fe) has a very high activity in this reaction although it has a very low selectivity. It has a long 
lifetime, is very abundant and can operate at higher temperatures. It is lower than that of nickel, 66.16 
€·Tn-1 as of 12th of November of 2018 (29). Like Ni an Co, Fe has a tendency to oxidize on oxidizing 
atmospheres(21)(23)(24).It has been studied as a promoter on a nickel catalyst, enhancing activity to 
higher levels than metallic nickel(27). 
Molybdenum (Mo), compared to Fe, Co and Ni, Mo has a lower activity and its selectivity is displaced 
towards C2+ carbons than them. It is also more expensive than nickel, with a price of 22.87 €·Kg-1as of 
12th of November of 2018 (29).  On the other hand, it is much more tolerant to sulfur than Ni, making 
an option to consider if sulfur is present.(21)(24)(29) 
The properties of precious metals: Platinum (Pt), Palladium (Pd), Iridium (Ir) and Rhodium (Rh) as CO2 
methanation catalysts is similar and so are their drawbacks and benefits. Activity on CO2 methanation 
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is low and yields, alongside CH4, CO and methanol (CH3OH). On the other hand, they do not oxidize 
easily in oxidizing atmospheres. Additionally, their price is much higher than Ni, the cheapest, Pt, 
costing 23.76 €· g-1 to the most expensive, Rh, costing 70.73 €·g-1 as of 12th of November of 2018 (29). 
As a whole they are not good as catalysts for CO2 methanation (23)(29). 
Ruthenium (Ru) is the most active catalyst for methanation at low temperatures, for CO, CO2 or a 
mixture of both. Having also a high selectivity and stability, along with a longer useful lifetime than Ni, 
the barrier of usage is its price, which is of 7638.73 €·Kg-1 as of 12th of November of 2018 (29). On the 
other hand, adding Ru to a Ni catalyst improves the catalyst tolerance to sulfur(23)(24)(27)(29). 
In conclusion, the most used catalyst for methanation is Ni, due to good activity and selectivity of CH4, 
although Ru catalysts perform better, especially at lower temperatures, but its price is a limiter for its 
use. 
 
 SUPPORT 
The most commonly used supports are oxides such as: Al2O3, TiO2, CeO2, ZrO2 and SiO2, along with 
zeolites, although others have been studied, like perovskite, hydrocalcite,  hexaaluminate, biochar or 
foams (21)(25)(27).  The γ- Al2O3 crystallographic modification is the most commonly used support for 
Ni based catalysts as it has a high surface area, a well-developed pore structure. The main problem is 
the sintering of alumina in the presence of water, which is produced in the Sabatier reaction(27). The 
control of the pore diameter and the surface area of SiO2 is easier than the other supports studied, 
reason why it has been studied extensively. In TiO2, substitution of Ni in the lattice could be achieved 
improving hydrogen adsorption, increasing performance. Additionally, electron transfer could 
promote the dissociation of carbon monoxide. ZrO2 has similar properties to TiO2. CeO2 has partial 
reducing properties, enhancing the methanation activity(27). 
 
 PROMOTERS 
 The addition of promoters to the support to increase methanation activity has also been studied.  
Addition of MgO to Al2O3 supports increases carbon deposition resistance of the catalyst, reduces Ni 
sintering and increases thermal stability, whereas the addition ofLa2O3 limits the growth of NiO 
particles increasing Ni dispersion, as well as increasing H2 uptake. This improves the activity of the 
catalyst in methanation reactions(21)(27). On the other hand, the doping of a Ni/Al2O3 with CeO2 
enhances the reducibility of the catalyst and improves its long-term stability(21), as well as the 
dispersion of Ni. Finally, the addition of V2O3 to a Ni/Al2O3 catalyst improves its activity on methanation 
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reactions, whether it is carbon monoxide or carbon dioxide. Additionally, the coking resistance is 
enhanced(27). 
In conclusion, the most used catalyst for Sabatier’s reaction is Ni, usually over an alumina support. 
Promoters can be added to enhance activity or to add additional properties of interest to the catalyst. 
For example, as seen in Figure 6, a catalyst with a composition of 25Ni20Ce has good conversion and 
selectivity on thermal-catalysis activation (30). 
 
Figure 6 . CO2 Conversion (%) trend of the Ni-CeO2 catalyst at 300 °C. (30). 
 
3.3.3.  Conventional reactor technology 
As a result of the growing awareness of the climate change and the need to search for alternative 
energy sources several methods of SNG have appeared over the years. Some of them will be briefly 
reviewed in the following: 
Adiabatic fixed bed reactor are the most used reactors for CO2 methanation, the essence of this 
method is a cascaded method where there are consecutive adiabatic reactors followed by cooling 
stages, usually 2-5 stages. The range of temperature is from 250⁰C to 700⁰C (31). The most important 
issue to take into account is the control of the temperature. Being an exothermic reaction in adiabatic 
conditions the temperature can increase rapidly, so it is important to prevent an excessive increase on 
the temperature. Additional points to consider are high pressure drops if working at high pressure and 
temperature hotspots(23)(31). 
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On the other hand, the contact between the gases and the catalyst is relatively uniform and can be 
maintained for long times. 
The method for Polytropic reactors consists on a multitude of tubes of reduced diameter placed in 
parallel which are cooled. The diameter of the tubes is designed in function of the necessary area for 
heat exchange. These reactors have smaller gradients of temperature which lead to a longer lifetime.  
However, the complexity of the system and de price are greater than that of fixed bed 
reactors.(13)(23).  
Fluidized bed reactors have a high effectivity on heat transfer, or heat removal, and high mass transfer. 
This results in a near-isothermal process. On the other hand the mechanical stress on the catalyst leads 
to attrition and there is a limit on the fluidization velocity(23). 
Monolith reactors are used mostly in exhaust gas cleaning, these reactors have a high specific area, a 
small pressure drop and a quick response time. They are metallic or ceramic, however the ceramic 
reactors are brittle and can withstand limited mechanical tensions. On the other hand, their 
effectiveness is lower than the previously mentioned and the gas distribution may not be uniform(13). 
In conclusion, the most used method up to date is adiabatic fixed-bed reactor that, while having 
important issues to be considered, is the simplest and more developed technology. 
 
3.4. Plasma technology 
In this section, a brief review on the fundamentals of plasma will be given. Afterwards the more 
common methods of plasma generation will be given and finally a description of the technique used 
to measure the power needs on DBD plasma. 
3.4.1. Fundamentals of plasma 
At room temperature, three states of matter usually coexist, solid, liquid and gaseous state. Each of 
these kinds of matter can be changed into the other two if the energy of its molecules is the adequate. 
In other words, if cooled or heated enough the state of matter will change. However, there is a fourth 
state of the matter, the plasma state. If the gaseous state of a material is supplied enough heat to 
provoke that its atoms dissociate and the supply of energy continues some of the electrons of these 
atoms will receive enough energy to be expelled from the atoms, forming this way ions. This state is 
what is the so-called plasma.  
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Figure 7 Plasma-the fourth state of matter. Source:  (32), page 4. 
The main characteristics of the plasma state are: 
 Fluid. 
 Electrically neutral. 
 Unbound positive and negative particles with high kinetic energy. 
Temperature is usually a key factor to maintain the ionized state of the matter. Even so, there is 
another method of reaching this state using electric potential difference between two electrodes, as 
will be explained in section 3.4.4. Two types of plasma could by generated by this way, depending on 
the temperature of the species; thermal and non-thermal plasma. In thermal plasma, the electrons 
and the heavy particles (ions, molecules …) are in thermal equilibrium, having the same temperature. 
In non-thermal plasma, the electrons are not in thermal equilibrium with the heavy particles.  In this 
case, electrons will usually be in thermal equilibrium, while ions, having a much higher mass, will have 
more difficulties reaching the equilibrium. This phenomenon causes a state where ions and electron 
are at different temperatures, usually ions being at lower temperature (room temperature) while 
electrons have higher temperature (10000 K) (32). Therefore, the degree of plasma ionization is 
determined by the electron temperature, which is a measure of the kinetic energy of the electron, 
usually measured in electron-volts (eV). Non-thermal plasma is more efficiency in terms of chemical 
efficiency, as the energy is transfer to electrons, thus reducing the energy lose overheating the gas at 
very high temperature.  Therefore, the use of non-thermal plasma in chemical applications is preferred. 
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3.4.2. Kinds and effects of particle collision 
In the plasma state, particles have high kinetic energy, thereupon having great movement. This 
movement will occasionally cause collisions between particles. In this section these collisions will be 
briefly explained. 
Elastic collisions: In this kind of collisions only a small portion of the energy is transferred between the 
particles involved and this energy is transferred in form of kinetic energy as it is not enough to elicit the 
expulsion of an electron of an atom or ion. This causes that particles involved in the collision will change 
their course causing scattering. This kind of collision is more frequent at low to moderate 
temperatures. 
Inelastic collisions: In this kind of collisions, a higher quantity 
of energy is involved. When a particle, usually an electron, 
crashes into an atom or an ion with enough energy, part of 
that energy will be transferred as kinetic energy, like on an 
elastic collision, causing scattering and heating. On the other 
hand, part of the transferred energy will be internal energy 
(ΔU), which, if enough energy is transferred, will cause one of 
that particle’s electron to be energized which will change the 
electronic configuration of the particle, as seen in Figure 8. 
This kind of collision is more common on high temperature 
plasma. 
 
The chance of collision between atoms and/or ions and electrons is directly related to the size of the 
particles. The bigger the size of said particle, the greater the chance of collision. However, when an 
electrically charged particle is one of the involved in the approximation between two particles, the 
charged particle can affect the other one without the need of contact. This is known as Coloumb 
Effect(32). 
There are several different possible outcomes resulting of a collision. These are:  
Scattering: As explained before, when a collision takes place but without enough energy to exchange 
internal energy, only kinetic energy is exchanged. This causes an increase in the temperature of the 
particles involved as well as a change in their courses. This course change is known as scattering. This 
effect is typical of elastic collisions. 
Figure 8 Excitation energy levels. 
  Report 
20   
 
Figure 9 Scattering. 
Excitation: this phenomenon takes place on inelastic collisions, where the electron colliding transfers 
internal energy to the second particle. This energy is not enough so that an electron from the particle 
can lose an electron. However, the energy is enough to elevate an electron of the atom to a state of 
higher energy, known as excited state (Figure 10). This state is usually short lived and the excited atom 
decays to its original state emitting a photon with energy equivalent to lost energy. This state raises 
the possibility of chemical reactions. 
 
Figure 10 Excitation. 
Ionization: this case is similar to excitation with the difference that the energy transferred is enough 
for an electron of the atom or ion involved to be released as seen in Figure 11. Thus, the atom or ion 
becomes a state higher. As an electron is released, new charged particles are produced in the plasma. 
 
Figure 11 Ionization. 
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Recombination: this process, similar to the decay of the excitation, involves the lowering of the energy 
state of an electron.  In this case, when an electron collides with an ion, it is captured by the particle in 
one of its vacancies. In the process, to reduce the energy levels of the electron so it remains bound, 
the excess of energy is emitted. In this process a photon may be released during the emission of the 
excessive energy. This can be observed in Figure 12. 
 
Figure 12 Recombination. 
3.4.3. Electric potential in plasma 
As one of its defining characteristics, the neutrality of plasma is assumed to be constant. However, that 
does not mean that the potential inside of the plasma is zero. Composing the plasma there are negative 
and positive charges, although in equal number to maintain neutrality, and a potential that is not zero, 
although it is even thorough the plasma. This is proved by two phenomena: 
The debye sphere is a phenomenon that occurs when a charge is displaced inside the plasma, whether 
it is from one point inside the plasma to another or dropped from the outside. When this charge enters 
the plasma field, charges inside the plasma displace themselves to shield and minimize the effects of 
the new charge.  
Usually the charge of the plasma that displaces itself are electrons, due to easiness of displacement. If 
the stray charge is positive, the electrons will approach it. On the other case, if the charge is negative, 
the electrons will move away.  
 
Figure 13 Debye sphere. 
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Harmonic oscillation: if the charge that was introduced into the plasma were to suddenly be removed, 
the charges inside the plasma would try to return to their original stability. Therefore, a harmonic 
oscillation may take place, like a spring with a mass. If the oscillations are critically dampened, the 
plasma will return to its original state given enough time. However, if it is not dampened the plasma 
will continue oscillating with a simple harmonic oscillation.  
Debye shielding and harmonic oscillation prove that plasma potential, at least inside the plasma, is not 
zero. However, there are certain criteria that an ionized gas must fulfill to be considered plasma, which 
are related to these two phenomenon: 
First, the dimension of plasma. To be considered plasma, its dimension must be much larger that the 
dimension of the debye shield if a charge were to enter its field.  
The charge density of the plasma must be high enough that, were a stray charge enter its field, the 
debye shield would have to contain a number of particles considerately superior to the unity.  
The oscillation frequency of the plasma must be higher that the frequency of collision between 
particles. If it is not fulfilled, the particle involved in the collision will no always have enough time to 
reach equilibrium before colliding again. If this three conditions are fulfilled, alongside the basic 
characteristics of plasma described in the section fundamentals of plasma (3.4.1), the gas can be 
considered then plasma. 
3.4.4. Plasma generation technology 
In this section, a brief description of the more common methods for plasma generation with electricity 
will be discussed. Alongside, some of their characteristics will be explained and some benefits and 
drawbacks of their use.  
In this section, a brief description of the more common methods for plasma generation with electricity 
will be discussed. Alongside, some of their characteristics will be explained and some benefits and 
drawbacks of their use.  
Before, the phenomenon of electrical breakdown has to be explained. In its neutral form, a gas does 
not conduct electricity or, in other words, is an insulator. This behavior could change if there are 
charged particles in it and a sufficient voltage is applied, exceeding the breakdown voltage (thus 
becoming a conductive medium). The origin of these initial stray electrons is varied and will not be 
discussed in this work but. Once present, they can be accelerated by an electric field  and when collision 
with another particle takes place, more charged particles could be generated as explained in effects of 
particles collision (3.4.2). Then, the number of electron could increase exponential by avalanche effect, 
converting the material from an insulator to a conductive. The gas changes to a plasma state (electrons, 
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ions, … ). In the case that the voltage is lower than the breakdown value, the electrons do not reach 
enough energy to produce the avalanche effect. 
On a configuration of two parallel electrodes with enough potential difference, electrical discharge 
could be generated, producing the plasma.  The different configuration of the electrode, voltage and 
pressure will generate different types of plasmas. 
 
 DC ELECTRICAL DISCHARGE 
The type of discharge obtained depends directly on the discharge current. There are then 3 types of 
discharge: 
Corona discharge: when the discharge current is compressed between 10-7-10-5A, a corona discharge 
is obtained. This kind of discharge is also known as single electrode discharge as it can be generated 
with just one electrode. As it can be generated with just one electrode, depending on whether the 
electrode is positive or negative the properties of the plasma are greatly different. 
 The plasma generation occurs when the potential is high enough, for example with air as the gas when 
it reaches 30 kV·cm-1.  However, the more usual configuration is a sharp point where the corona 
discharge starts. This configuration allows for discharge at lower potentials. The discharge can take 
place even before electrical breakdown happens. 
This kind of discharge can happen with relative ease and, when undesired, need to be taken into 
account and place measures against it as it can be harmful for the devices not prepared for it. 
Glow discharge: when the discharge current is compressed between 10-5-1A, a glow discharge takes 
place. There are multitude of methods to produce this kind of plasma discharge as it is one of the more 
commonly used in industry.  However, one of the more common settings for its generation is two 
electrodes in a low pressure gas.  
The principal characteristic of this discharge is that, while electrons are at high temperature, around 1-
2 eV, the majority of the gas is at near room temperature. For the most part, the gas is neutral and/or 
in an excited state.  
The proper plasma in this discharge, meaning that fulfills its characteristics (3.4.1), is the brilliant region 
near the anode, called positive column. 
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Glow discharge, with the proper settings, can become self-sustained, meaning that its stray electron 
generation can become high enough to maintain the plasma. The same effect that emits electron can 
cause ablation of the cathode by sputtering. This is not always desirable and has to be considered. 
Arc discharge: When the discharge current is >1A an arc discharge occurs. While the current of the arc 
discharge is greater than that of glow discharge, its voltage is inferior to the glow discharge’s. The 
electric arc is unstable at low pressures, which is why it is usually used at higher pressure than glowing 
discharge, and has an appearance similar to that of glow discharge but with arcing between the 
electrodes. One of the advantages is that the arc can conduct as much current as the system allows, 
meaning that the current is limited by the system and not by the arc, and requires low voltage to 
maintain.  
As the plasma generates high amounts of heat, it’s main uses are related to the use of such heat. This 
temperature can be achieved by electrons and atoms and ions if the pressure is high enough. The high 
temperature however has to be well managed at the electrodes or some of its materials can be ejected 
to the plasma which may cause cooling and other effects on the plasma.  
 
 HOT CATHODE DISCHARGE 
In the precious described methods, the cathode did not have a heating element, thus considering them 
to be cold cathodes (not accounting the heating of the arc discharge cathode. In this case, a filament, 
usually made of tungsten, is heated with a secondary current. This heated cathode then proceeds to 
emit electrons due to thermionic emission, providing the system of electron to generate plasma.  This 
system works at low pressure. 
 
 AC RADIOFREQUENCY DISCHARGE 
The behavior of AC discharges is directly tied to the frequency of operation. For low frequency 
discharges (typically less than 1kHz) the behavior is similar to that of DC discharges. On the other hand, 
the differences in behavior for higher frequencies are vast.  
The first difference is a lower breakdown voltage. In a glow discharge, if it has reached the self-
sustained state, bombardment of cathode surface alongside of ionization compensate for the electron 
losses at the anode.  
However, if the frequency is high enough (usually above 1MHz), the reversal in the electric field 
direction will reduce the loses of electrons. This reduction is caused by the constant direction change 
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the electrons will suffer when the field alternates its direction. Additionally, the increased time in the 
plasma means an increase in the ion generation by their collisions.   
It can be concluded that the frequency of oscillation has to be such that the time between electric field 
alternations is smaller than the time it takes an electron to travel the distance between electrons.  
The pressure is also a key factor in this kind of plasma generations. The lower the pressure, the higher 
the frequency needed to reach a good number of collisions.  
Finally, an AC plasma will be steady, even during an oscillation of the electric field.  
 
 MICROWAVE HEATING PLASMA 
With a working frequency of 1-300GHz, this method can generate plasma with a current density 
ranging from 1010-1015 cm-3, which allows flexibility.  
Additionally, opposite to the methods explained before that energize one electron at time, microwave 
heating plasma energizes all of the electrons at once. The method of energizing also differs, where the 
previous explained methods heat one particle at a time, in this method electrons absorb the 
microwave energy directly and transform it to kinetic energy. Electron temperatures much higher than 
AC and DC discharges can be achieved, temperature up to 10eV. 
 
 PULSED PLASMA DISCHARGES 
In case of needing plasma with electron density higher than 1015 cm-3 or temperature superior to 10eV 
this method is a possible solution. The use of a capacitor as a power source provides with enough 
power density to power a pulse of plasma with the desired characteristics. The discharge can achieve 
power density of more than 18W·m-3. 
On the other hand, the plasma impedance makes difficult to achieve the critically dampened discharge 
condition, especially at low pressures. However, making heating plasma using this method is possible 
at higher pressure. 
 
 DIELECTRIC BARRIER DISCHARGE PLASMA 
This setup is different to the ones mentioned above. In this method, a dielectric barrier is put between 
the electrodes. More specifically, between the gas and the electrodes. This material allows only a 
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fraction of DC in one direction, the displacement current. However, when AC is applied the current can 
freely pass, generating the plasma when the right conditions are applied.   
An important feature is that DBD works at high pressure (atmospheric), as consequence, the amount 
of electron collisions could increase drastically when the voltage exceeds the breaking voltage. In those 
conditions and without any dielectric material between the electrodes, the current will increase 
drastically, forming an electric arc (thermal plasma). Thus, with the objective to limit the amount of 
electrons, a dielectric material is put between the electrodes. As the current passes, charges gather in 
the surface of the dielectric until they are released as short lived streams of plasma.  
In addition, one of the main advantages of this method is that there will be no consecutive streams 
originating from the same spot as it need an accumulation of charges. This characteristic assures that 
there are discharges all over the surface, improving the generation of plasma on all the surface and not 
in one point.  
This method can achieve high electron temperature, up to 30eV and a current density of 1012-1015 cm-
3, high enough to create a highly reactive plasma. The current is of the order of 1-50A (33). 
On the other side, the breakdown voltage is directly dependent on the distance of the gap between 
the electrodes and can become an obstacle if it is too big, meaning that the voltage will be higher.  
This was the selected method for the reactor used in section 4. 
3.5. Plasma technology in Sabatier reaction 
Plasma catalysis is an emerging branch of the plasma technology that is getting impulse over the last 
years. The key advantages are the possibility of modification of the composition of the gas phase and 
an enhancement of the reaction rate (34)(35). One of the reactions that has been receiving increasing 
attention is the CO2 methanation, or Sabatier reaction, which not only would allow to storage energy 
in form of chemical energy but would also present an alternative for the reuse of CO2 at large scale(36)–
(39). Effects of application of plasma for catalysis on CO2 methanation have already been reported as 
positive (36)(40)–(42). 
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Figure 14  Effect of catalyst presence on CO2 conversion (%) on plasma activated reactor (43).  
It has been suggested that the mechanism of reaction of the CO2 hydrogenation begins with the 
dissociation of the CO2 into CO and O and adsorbed. Following, hydrogen reacts with the dissociated 
species to produce methane (44). Therefore, the presence of plasma to assist the dissociation could 
prove to be helpful.  
As seen in Figure 14, the presence of a catalyst bed on a plasma activated reactor increases CO2 
conversion drastically, reaching up to 80% with great selectivity. The composition of the catalyst is of 
great importance. As observed in Figure 14, the loading of Ce, working as a promoter of the catalyst, 
has a very notable effect con both, maximum CO2 conversion and the level of conversion in function of 
the power input. The best composition for plasma activation according to (43) is of 15Ni30Ce over a 
gamma Al2O3 support.  
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Figure 15 CO2 conversion as a function power plasma, using Ni-CeO2-Al2O3 catalysts (43).  
Therefore, it is of great importance to study the effect the presence of a catalyst that have on the 
plasma and the conversion of CO2 as it can change the behavior of the reaction. In addition, the method 
of plasma generation has a lot of influence on the characteristics of the plasma. The most commonly 
used for chemical reaction is DBD plasma, the characteristics of which are explained in section 3.4.4. 
This method prevents excessive heating by electric discharge arcs while giving electrons adequate 
energy for electric breakdown. Additionally, a great advantage of this method is the lack of need to 
preheat the reactor, making the ignition stage of the process quicker and appropriate for renewable 
energy production. As mentioned in section 3.3.3, the addition of insulation to the reactor can be 
beneficial in some circumstances. The effect on the reaction of the addition of such insulation to the 
reactor will be studied in this project. 
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4. Experimental method 
In this section, the procedure used for the experiments is presented. Details on the synthesis of the 
catalysts, the experimental setup and the experimental procedure are explained. 
4.1. Catalyst synthesis 
The catalyst was prepared using the wet impregnation method. First, the composition of the catalyst 
had to be selected. According to previous studies carried out at IREC, the decided composition of the 
catalysts was: 
 15%Ni, 30%CeO2 and 55%Al2O3 (alumina) as support, the optimal composition for plasma 
activation [42], named as 15Ni30Ce. 
 25%Ni, 20%CeO2 and 55%Al2O3 (alumina) as support, the optimal composition for thermal 
activation[28], named as 25Ni20Ce. 
The precursor materials were nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O) (Alfa Aesar, 98%) for the 
nickel and cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O) (Aldrich, 98%) for the ceria. The alumina 
support used was pure alumina spheres of 450-500μm of diameter (Saint-Gobain, 100%).  
For the preparation of the catalyst, a balance (Kern ABS) was used. Reagents were mixed in a round 
bottom flask was used. The procedure followed was the next: first, the alumina support was added to 
the round-bottom flask, followed by the precursors. It is recommended to add the nickel precursor first 
due to easiness of introduction on the flask though a funnel. Finally, the water was added, carrying any 
trace of the precursor left in the funnel intro the flask. 
After the mixture is completed and well dissolved, the round bottom flask was attached to a rotatory 
evaporator. A vacuum of up to 300mbar was connected to the rotatory vapor to facilitate the 
evaporation of the water, and a water bath at 90⁰C was prepared. The water bath was composed of a 
mixture of water and ethylene glycol to prevent excessive evaporation of the bath. The rotation was 
set to 4.5rpm. Once all the water was evaporated, the catalyst was set for calcination, which was set 
with a ramp of 5⁰C/minute up to 450⁰C, where was set to say for 3 hours. Finally, the catalyst was 
stored on a dry environment to prevent humidification. 
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4.2. Catalyst characterization 
Diverse properties of the catalyst will be studied in this project. The methods used for these analysis 
are the following. 
Morphology and elemental analysis of the catalysts were studied using a scanning electron microscopy 
(SEM, Zeiss Auguria 60) equipped with an energy dispersive x-ray spectrometer (EDX, Oxford Inca 
Energy). Before the analysis, the samples were crushed to study the average composition of the sample 
and not only the external layer of the particle. 
The Brunauer-Emmett-Teller (BET) method was used to calculate the BET surface area for a relative 
pressure (P·P0-1) range between 0.001-1. Additionally, the Barrett-Joyner-Halenda (BJH) method was 
used to determine the pore volume and size.  
X-ray diffraction (XRD, Bruker D8 Advance A25) was used to determine structural properties. The wide-
angles data were obtained using a Cu Kα radiation (λ=1.5406 Å), a voltage of 40 kV, a current of 40 mA 
and a step size of 0.05º (3 s per step). The crystalline phase was identified by using International Centre 
for Diffraction Data. 
Reducibility of the calcined catalysts was studied using temperature programmed reduction (H2-TPR, 
Authochem Micromeritics) with a 12% H2/Ar feed of 50 NmL·min-1 in a temperature range from 35⁰C 
to 800⁰C, with a growth ramp of 10⁰C·min-1. 
CO chemisorption was used to determine metal dispersion and metallic surface area (Authochem 
Micromeritics). The amount and heat of CO2 adsorption was studied by coupled thermogravimetric 
analysis and differential scanning calorimetry with CO2 pulses (TGA-DSC, Setaram Evo). 
 
4.3. Reactor setup 
As shown in Figure 17 and Figure 18, the reactor consisted on a quartz tube of 20mm of outside 
diameter and 18mm of inside diameter, a concentric quartz tube inside of 14mm of outside diameter 
and 12mm of inside diameter and a gap of 2mm in between, a ground electrode outside both tubes 
and a high voltage electrode inside both tubes, situated at 120mm from the top. The flow inlet and 
outlet are located at 40mm from the top and bottom respectively. The electrodes were composed of 
steel and had a width of 10mm. The plasma was generated using a DBD configuration with an ACT 
plasma generator. The voltage used was around 6kV with a frequency of 52 kHz. The quartz tubes 
function as reactor and as dielectric barrier at the same time. The catalyst was located between the 
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two tubes, halfway thought the length of the reactor. 300mg of catalyst were used on the experiments. 
To support the catalyst in its designed place quartz wool was used. The experiments were carried on 
with different scenarios on the reactor, these being an empty reactor, meaning that only the gas flow 
was inside the reactor, followed by the experimentation using just the support of alumina and finally 
the experiments using the catalysts.  
The gas flow entered through the top of the reactor to prevent fluidization of the catalyst if more flow 
was used. On the exit of the reactor a water condenser was used.  
The temperature was measured with a k type thermocouple that was situated in contact with the 
ground electrode. This was the nearer place to the catalyst possible without creating interference on 
the plasma. 
The electrical configuration is shown in Figure 16. To measure the voltage a Tektronix high voltage 
probe (P6015A 10FT cable 75MHz) was used. The current was measured with a Rogowsk Coil 
(Magnelab CT.EI.O). The voltage and the current were monitored with an oscilloscope (PicoScope). The 
power consumption was directly measured by two methods, the integration of the voltage and the 
current and, by the Lissajous method. 
 
Figure 16 Oscilloscope, proves and plasma generator configuration (43).  
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To measure the composition of the gas, a gas chromatograph Varian 490-GC, Agilient was used with a 
Poraplot Q column with Ar as carrier and two Molsieve 5A columns, one with He as carrier and the 
other with Ar. 
To carry out the experiments under adiabatic conditions, the insulation used was in form of clay 
spheres that surrounded the reactor when necessary. This spheres covered the totality of the reactor 
setup. 
 
Figure 17 Schematic of the used reactor. 
 
Figure 18 Experimental setup. 
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For the thermal catalysis a heating wire coiled around the reactor was used. The same proves as the 
plasma-catalysis configuration were used and the situation of the catalyst was also the same. 
 
4.4. Experimental procedure 
A good definition of the experimental procedure and the data collection is key if repeatability of the 
results is to be accomplished. In this case the procedure used during the experiments is the following: 
To begin, the reactor was at room temperature at the beginning of each experiment, which was around 
23⁰C. This was important because a higher initial temperature can result in an even bigger increase of 
temperature at higher power inputs.  
In the case of support only reactor, the mass of support used was the same equivalent mass of alumina 
in the catalysts, meaning 165mg. This was to study the effect of the presence of alumina in the reaction 
without the presence of the reactor. The same reasoning was used for the presence of the plasma and 
empty reactor tests were carried on.  
Before reaction, catalysts were reduced in-situ under H2-Ar (Abelló Linde, 95% Ar and 5% H2) flow (150 
mL·min-1) at 450 ºC for 3 h, with heating ramp of 7.5 ºC·min-1, and then cooled down to room 
temperature. At this point, a stoichiometric mixture of H2:CO2=4:1 (Abelló Linde, Analytic value, 19.76% 
CO2 and 80.24% H2) was introduced to the reactor at a constant flow rate (200 mL·min-1). As a result, 
experiments presented in this study were carried out at a gas hour space velocity of 40000 mL·g-1·h-1. 
To allow a good situation of the catalyst quartz wool was used as a physical support of the catalyst. The 
minimum possible of wool should be used to limit its influence on the results.  
The feed rate used was of 200ml/min when possible and with a H2: CO2 ratio of 4:1. The stoichiometric 
ratio is the most optimal for the working conditions. Pure CO2 and pure H2 feed were used also. 
The data collection used was the following:  
Temperature collecting was done once every 2 minutes, always rounding up.  
The gas chromatograph took samples during 1 minute and once every 1.8 minutes. In between 
measures it had 1 minute. This sampling was carried on when the temperature was stabilized if non-
insulated reactor was being studied, and once the temperature increase was stabilized if insulation was 
being used. This happened around 6 minutes and 14 minutes into the experiment respectively. The 
equations used to calculated the composition can be found in ANNEX A 
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From the gas outlet composition, CO2 conversion (XCO2) is defined as:  
𝑿𝑪𝑶𝟐(%) =
𝒏𝑪𝑯𝟒 + 𝒏𝑪𝑶
𝒏𝑪𝑯𝟒 + 𝒏𝑪𝑶 + 𝒏𝑪𝑶𝟐
𝒙𝟏𝟎𝟎 
(Eq. 4.4.1) 
while the selectivity towards CH4 is defined as: 
𝑺𝑪𝑯𝟒(%) =
𝒏𝑪𝑯𝟒
𝒏𝑪𝑯𝟒 + 𝒏𝑪𝑶
𝒙𝟏𝟎𝟎 (Eq. 4.4.2) 
and the yield is defined as: 
𝒀𝒊𝒆𝒍𝒅(%) = 𝑺𝑪𝑯𝟒𝒙𝑿𝑪𝑶𝟐  (Eq. 4.4.3) 
Finally, the energy efficiency is defined as: 
𝜼(%) =
𝑬𝒏𝒆𝒓𝒈𝒚 𝒐𝒖𝒕𝒑𝒖𝒕
𝑬𝒏𝒆𝒓𝒈𝒚 𝒊𝒏𝒑𝒖𝒕
=
𝑬𝑪𝑯𝟒
𝑬𝑯𝟐 + 𝑷𝒐𝒘𝒆𝒓 𝒔𝒖𝒑𝒑𝒍𝒊𝒆𝒅
;  𝑷𝒐𝒘𝒆𝒓 𝒔𝒖𝒑𝒑𝒍𝒊𝒆𝒅 =
𝑷(𝑾)
𝒎𝒐𝒍𝒔𝑪𝑯𝟒
𝒔
 
(Eq. 4.4.4) 
Once the samples of the gas chromatograph were taken the power input was increased. 
 
4.5. Lissajous method 
The Lissajous method is commonly used in plasma technology to measure the power of plasma, a 
measure that it is difficult to obtain. This difficulty originates from the fact that the current signal 
needed to measure the power is composed by several spikes (associated with the micro discharges 
formed in the plasma), where each spike happens in a time scale of nanoseconds. As consequence, it 
is needed an equipment with high enough bandwidth to read the current, the oscilloscope in this case, 
and measure the power without lose of information. 
The main difference with the Lissajous method is that the charge is not measured directly; it is 
measured from an integrating capacitor connected in series with the reactor. The Lissajous figure is 
obtained by plotting the voltage against the charge accumulated on the capacitor (Figure 19). The 
power of the plasma can be obtained calculating the area inside the curve, as it can be deduced from 
the following equation:  
𝑷(𝑾) =
𝟏
𝑻
∫ 𝑽(𝒕) · 𝑰(𝒕) · 𝒅𝒕
𝑻
𝟎
=
𝟏
𝑻
∫ 𝑽(𝒕) · 𝒅𝑸(𝒕)
𝑻
𝟎
= 𝑨𝒓𝒆𝒂 𝑸𝑽, 𝒘𝒉𝒆𝒓𝒆 𝑸(𝒕) = 𝑪 · 𝑽𝑪(𝒕) 
(Eq. 4.5.1) 
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 On Figure 19 A and C point mark the initial point of discharge of the plasma and B and D mark the end 
of the discharge. Then, B -> C and D -> A mark the charge of the capacitance (45)–(47).  
Other parameters of interest that can be calculated are capacitance, charge transfer value, effective 
electric field among others but they will not be explained in this work. 
 
 
  
Figure 19 a) Diagram of Lissajous curve. b) Lissajous curve of 25Ni20Ce55Alumina catalyst on a DBD plasma reactor 
with quartz as a dielectric. 
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5. Result discussion 
In this section, experimental results are presented and discussed. Catalyst characterization is firstly 
presented. Then, the performance of the plasma reactor in Sabatier reaction. In particular, by means 
of an empty reactor, then including the alumina support and finally including the catalyst. During each 
step, reactor isolation design is also discussed. The energy efficiency of the proposed process 
conditions is finally evaluated. 
5.1. Catalyst characterization 
In this section the used methods for the characterization of the catalyst will be mentioned and their 
results explained. 
Two different catalyst compositions were used in this study. The EDX results are shown in Table 1. The 
average composition of the first catalyst was 16% with ±1 variations, close to the intended 15% and 
the ceria was 33,9% also with variations of ±1%, a bit further from the intended 30%. For the second 
catalyst the Ni was of 27,4% with ±1% of error, close with the intended 25% and the Ce was in 
20,3%±1%, at the intended 20%. 
Table 1 EDX results in wt%. 
Sample Ni CeO2 Al2O3 
15Ni30Ce 16.1 ± 0.5 33.9 ± 1 56.2 ± 1.3 
25Ni20Ce 27.4 ± 0.7 20.3 ± 0.6 56.1 ± 1.2 
 
As observed in Figure 20, traces of Al2O3 and CeO2 were found in all samples. The promoter can be 
observed clearly in all samples while the support (Al2O3) is more dispersed. On the fresh samples NiO 
can be found in both samples whereas in the reduced samples it cannot be found. However, on the 
reduced samples the presence of metallic Ni is clear. Given its presence and combined with the lack of 
NiO in the patterns it can be determined that most of the NiO present in the samples was reduced to 
metallic Ni over the reduction of the catalyst.  
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Figure 20 X-ray diffraction patterns of samples. 
The results from the BET analysis are shown in Table 2. The support used for the catalyst shows a high 
surface area, >200 m2·g-1 and the main pore diameter is of 10,5nm, confirming the mesoporous nature 
of the material by IUPAC classification (2-50nm). For the catalysts, the BET surface area is lower, of 
137,1m2·g-1 and 124,1 m2·g-1 for the 15Ni30Ce and 25Ni20Ce respectively, with a pore diameter of 7,9 
both and a pore volume of 0,321cm3·g-1 and 0,305cm3·g-1 respectively. Higher addition of Ni decreases 
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the BET surface area and pore volume but the pore size remains the same. Pore size distribution is 
shown on Figure 21. 
 
Figure 21 Pore size distribution of the support and the studied catalysts. 
 
Table 2 BET and BJH tests results. 
Sample BET surface area (m2·g-1) Pore volume (cm3·g-1) Pore size (nm) 
Support 206.7 0.704 10.5 
15Ni30Ce 137.1 0.321 7.91 
25Ni20Ce 124.1 0.305 7.90 
The results of the H2-TPR are shown in Figure 22. The species present in the catalyst were reduced in 
the range of 200⁰C to 450⁰C, with the peaks located around 200⁰C to 350⁰C, assigned to NiO species 
rather than to the support or the promoter. The peaks of the lower range, from 200⁰C to 350⁰C are 
typically assigned to α-type NiO, a nickel oxide with weak interaction with the support (48)(49).  Most 
of the oxygen uptake takes place below 450⁰C, and the CeO2 promoter enhances reducibility at lower 
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temperatures. In both cases, the highest peak is found around 300⁰C, with smaller peaks at around 
200⁰ and 450⁰C. 
 
Figure 22 H2-TPR profiles of the support and catalysts. TCD signal is normalized. 
Results of the chemisorption can be seen in Table 3. The presence of Ce in the catalyst improves 
metallic dispersion as shown with its increase from 25Ni20Ce to 15Ni30Ce. Besides, the lower Ni 
loading allows a better dispersion. Higher dispersion of Ni increases the active sites for reaction. Higher 
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amounts of Ce increase the metallic surface area and diminishes the active particle diameter, therefore 
increasing dispersion. 
 
Table 3 Results of CO chemisorption at 35⁰C. 
Sample 
Metal Dispersion 
(%) 
Metal surface 
area (m2/g 
simple) 
Metal surface 
area (m2/g 
metal) 
Active particle 
diameter (nm) 
15Ni30Ce 1.65 1.65 10.99 61.32 
25Ni20Ce 1.12 1.88 7.52 89.62 
 
The amount of CO2 adsorbed at 35⁰C and the heat of adsorption are shown in Table 4. These data 
provide an indicator of the interaction between the catalyst and the CO2. Indirectly, it provides an 
indication of the surface basicity as CO2 is an acidic compound. The difference in adsorption between 
the 25Ni20Ce catalyst and the support alone is almost negligible while the 15Ni30Ce catalyst presents 
a higher adsorption of 296 μmol CO2·g-1 catalyst. This behavior is a consequence of the ability of each 
component to interact with CO2 at room temperature. In this sense, CeO2 > Al2O3 > Ni. On the other 
hand, both catalyst present very similar heats of adsorption with 103 KJ·mol-1 CO2 and 97 KJ·mol-1 CO2 
for the 25Ni20Ce and 15Ni30Ce catalysts respectively, higher than the 70 KJ·mol-1 CO2 the support by 
itself presented. High adsorption of CO2 and high heat of adsorption are sign of strong basic sites, places 
where the CO2 bonds strongly, favoring the reaction. 
 
Table 4 Results of CO2 adsorption at 35⁰C. 
Sample μmol CO2·gcat-1 Heat (kJ·molCO2-1) 
15Ni30Ce 296.07 97.77 
25Ni20Ce 227.14 103.40 
Al2O3 230.86 70.13 
TEMPERATURE EFFECT ON DBD PLASMA-CATALYSIS FOR CO2 CONVERSION TO SYNTHETIC NATURAL GAS 
  41 
5.2. Plasma methanation 
5.2.1. Empty reactor 
Firstly, tests were carried on an empty reactor under atmospheric pressure and with power input, 
ranging from 5W to 25W. These tests were performed both in a non-insulated reactor and in an 
insulated reactor.  
The first effects of power input over the temperature of the reactor can be seen in Figure 23, both, 
without insulation (empty symbols) and with insulation (full symbols). It is clearly seen a correlation 
between the power input and the temperature. The temperature increase with the power input, and 
this behavior was observed in both reactor modes, with insulation and without insulation. However, 
not all gases seem to react to the power input in the same form. In both cases, the pure CO2 stream 
shows a higher temperature increase than the other two streams. On the other hand, the pure H2 
stream tends to have a lower temperature increase, while the mixed stream is, as expected, between 
the two of them. The difference on the temperature of the pure CO2 stream and the pure H2 one can 
reach up to 40⁰C, but this gap reduces with higher power input. This can be explained taking into 
account that most of the power applied to the reactor is used to increase temperature. This is especially 
true for the insulated reactor, where the difference between gases can be clearly seen.  
 
Figure 23 Steady state temperature in function of the power input on an empty reactor. Filled symbol correspond to 
insulated reactor and void symbol to non-insulated reactor. 
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Figure 24 CO2 conversion in function of the power input on an empty reactor. Filled symbol corresponds to insulated 
reactor and void symbol to non-insulated reactor. 
 
Following the decrease of the temperature gap between both pure streams, this can be explained with 
the conversion of CO2. As seen in Figure 24, CO2 conversion also shows a similar growing trend in 
relation to the power input. As expected, with pure H2 there is no conversion. On the other side, the 
pure CO2 stream reaches a conversion of 5.0% in the reactor, and 5.2% when the reactor is insulated. 
It is necessary to point that there is no conversion to CH4 and only CO was yield as a product. However, 
the presence of conversion to CO, which requires heat to be activated, explains the decrease of the 
temperature gap seen between pure CO2 and pure H2 streams Figure 24.  Furthermore, at first it would 
be a reasonable idea to expect five times more CO2 from the pure CO2 stream than from the 
stoichiometric mix stream (4:1 H2:CO2). However, as observed in Figure 24, this is not the case. Thus, it 
can be concluded that the presence of H2 promotes the conversion of CO2, at least towards CO in this 
case. 
On a different matter, the conversion of CO2 to CO with thermal activation does not occur until c.a. 
1700 ⁰C. This temperature is not nearly reached, achieving a maximum temperature of 385⁰C or in the 
insulated reactor with a pure CO2 stream. This temperature is very far from the dissociation 
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temperature of CO2. Thus it can be assumed that the conversion present on the empty reactor is 
directly caused by the presence of plasma. 
 
5.2.2. Support-filled reactor 
Analogously as the previous case, the tests were carried on at atmospheric pressure and with a power 
input of 5W to 25W, on both a reactor and after with added insulation. It should be noted that, by 
introducing alumina support in the plasma its properties change respect the previous case. However, 
these changes will not be studied in this project, but some of its effects will be discussed later. 
The effects of power input over the temperature on a support-filled reactor can be seen in Figure 25. 
In this case, as opposite of the empty reactor, the difference on temperature between the streams can 
be seen clearly in both cases, in an insulated reactor, like the empty reactor, and without the insulation. 
This is probably due to an overall higher increase in the temperatures, allowing for trends to be more 
easily distinguishable in theory.  
 
Figure 25 Steady state temperature  in function of the power input on a support-filled reactor. Filled symbol corresponds 
to insulated reactor and void symbol to non-insulated reactor. 
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Figure 26 CO2 conversion in function of the power input on a support-filled reactor. Filled symbol corresponds to 
insulated reactor and void symbol to non-insulated reactor. 
Whereas the behavior of the temperature is relatively similar to that of the empty reactor, a few 
differences should be noted. The first difference is an increase in the temperature, both in non-
insulated and in insulated reactor. In this case, the difference of temperature between the non-
insulated reactor and the insulated reactor is reduced due to a higher increase on the non-insulated 
reactor temperature. This difference in the increase can be explained, at least partially, by an increase 
on the CO2 conversion that is caused by endothermic reactions, Eq. 3.3.1.3 and (Eq. 3.3.1.4), which is 
increased in the insulated reactor, especially in the pure CO2 stream. Another difference is that the 
presence of H2 induces an increase on the temperature. This is more marked in the insulated reactor, 
where the difference in temperature between the mixed feed and the pure CO2 feed reaches up to 
95⁰C. The difference in temperature can be explained with the reaction taking place in each situations. 
In the case of mixed feed, the reaction taking place is (Eq. 3.3.1.4), while on the pure CO2 feed is Eq. 
3.3.1.3. Considering the reaction for the pure CO2 stream is much more endothermic, and the amount 
of mols of CO2 converted is higher, the temperature of the reactor is reasonable to be lower in this 
case than in the mixed feed or the pure H2 feed. Anyways, the presence of the support helps to 
maintain higher temperatures on the reactor. 
In terms of CO2 conversion, as seen in Figure 26, the presence of alumina in the reactor induces an 
increase on the CO2 conversion. As in the previous case, the maximum conversion is reached in a pure 
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CO2 feed and at a power input of 25W. In this case however, the difference in conversion with 
insulation is higher than in the empty reactor, at least in pure CO2. This causes a reduced temperature 
increase as was mentioned above. 
Like the previous case, CO2 conversion on the mixed feed, in relation to the pure CO2 feed, is not 
proportional to the amount of CO2 than enters the reactor, thus confirming the hypothesis that the 
presence of H2 increases the conversion of CO2. This may be caused because H2 Is easier to excite and 
dissociate than CO2 and, in these states, can elicit a reaction from a previously unaffected CO2 
molecule, rising the conversion to higher levels than those expected. Additionally, taking the used 
method to calculate the conversion, Eq. 4.4.1, the number of mols converted in the pure CO2 feed is 
higher than in the mixed feed. The higher overall conversion can be either because the effect of the 
support in the reaction or the effect of the support on the plasma characteristics that, then, induces a 
higher CO2 conversion. What it is clear is that the higher conversion can be attributed to the presence 
of alumina in the reactor.  
Like the previous case, the conversion yield of CH4 of this experiment is 0. This, combined with the 
same result in the empty reactor, allow for the assumption that any and all yield of CH4 of the catalyst 
is caused by their presence and not by the interaction between gases, plasma and/or support. 
 
5.2.3. 15Ni 30Ce 55γ-Al2O3 
This tests, like the previous cases, were carried on at atmospheric pressure and the studied range of 
power input was from 5W to 25W likewise. However, in this case, to obtain certain information of 
interest a different power input increase was used at the initial stages of the tests, as will be seen later.  
Like the previous catalyst, the first difference that stands out in Figure 27 is the slight curvature in the 
4:1-H2:CO2 feed that results from the Sabatier reaction. The maximum reactor temperature is achieved 
at 25W on the aforementioned mixed feed at 220⁰C. The pure H2 feed presents an increasing trend 
with a smaller slope, that begins at higher temperature of c.a. 100⁰C at 5W until near 200⁰C at 25W. 
The lack of reaction and seemingly interaction with the catalyst cause that the temperature increase 
of H2 to be more moderate. On the other hand, the pure CO2 stream presents a higher slope, with an 
initial temperature of approximately 50⁰C at 5W until reaching the H2 stream at near 200⁰C. COs has 
more interaction with the catalyst than pure H2 does but presents an endothermic reaction at higher 
power input and temperature that limit the temperature increase slightly. 
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Figure 27 Steady state temperature  in function of the power input on an 15Ni 30Ce 55Alumina catalyst. . Filled symbol 
corresponds to insulated reactor and void symbol to non-insulated reactor. 
In the topic of CO2, there are several differences between the pure CO2 stream and the mixed stream. 
As seen in Figure 28 , the pure CO2 feed presents a small conversion of 2,5% at its maximum, at 10W, 
remaining mostly stable until 25W, with a slight decrease at higher power input. The addition of 
insulation to the reactor just displaces the maximum point of conversion at 20W, with a conversion of 
2,5% still. From this it can be confirmed that the interaction between the plasma, the catalyst and the 
CO2 is reduced. This changes, however, when H2 is added and the mixed feed is considered. In this case, 
there is little to no conversion up to 10W, with 3,5% at that power input. But from that point onwards 
the trend changes and there is an increase of the conversion until the maximum is reached at 25W, 
with a conversion of 80,2%. Still, the difference in conversion between 20W and 25W is of less than 
0,2%, so the maximum can be considered to be achieved at 20W. There is then high interaction 
between the catalyst, the plasma and the feed, interaction that enhances the Sabatier reaction. Yet 
when insulation is added to the catalyst the behavior changes drastically. Likewise, until 10W there is 
only near 5% conversion of CO2. From that point onwards, however, there is a spike in conversion and 
the maximum is reached at 12W, with a conversion of 79%. From that point until 14W there is some 
stability in the conversion levels, the decrease is <1%, followed by a downward trend until 25W. As 
observed in Figure 28 , the difference in temperature of maximum CO2 conversion for both 
configurations of the reactor, without and with insulation, is very similar. This confirms that 
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temperature plays a key role on the activation of the Sabatier reaction. Yet as the thermal activation 
shows, the temperature by itself is not enough to activate the reaction at such low temperatures, of 
around 200⁰C. The plasma is crucial to activate the molecules to enhance the reaction, and is also the 
reason of the initial point of conversion. 
The dissociation energy for each H2 molecule is 4.5eV and for CO2 is 5.5eV. However, according to (33), 
the necessary energy to initiate dissociation using electron collision is of c.a. 7eV. Taking into account 
that, in DBD generated plasma, only 1-10% of the gas flow receives electrical discharges (50), the 
energy received per molecule of gas at diverse power input is shown in Table 5. Therefore, this 
threshold of energy is not surpassed until 12W, thus explaining the initial point of reaction.  
 
 
Figure 28 CO2 conversion in function of the power input on a 15Ni 30Ce 55Alumina catalyst.  Filled symbol corresponds 
to insulated reactor and void symbol to non-insulated reactor. 
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Figure 29 CO2 conversion in function of the temperature on a 15Ni 30Ce 55Alumina catalyst.  Filled symbol corresponds 
to insulated reactor and void symbol to non-insulated reactor. 
Table 5 Energy received per molecule on a 15Ni30Ce55Al2O3 catalyst on an insulated reactor with 4:1 H2:CO2 feed. 
Ptheorical Preal Flow Energy received 
W mL·min-1 eV·molecule-1 
5 5.2 200 3.6 
10 9.7 200 6.8 
12 11.9 200 8.3 
14 13.8 200 9.6 
15 15.0 200 10.4 
20 20.0 200 13.9 
25 25.6 200 17.8 
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However, in a thermal catalysis, at the temperature of maximum conversion of the plasma catalysis, 
around 200⁰C, the conversion is of c.a. 15%. This confirms that the previously described effect of the 
temperature on the conversion can only be applied when combined with plasma activation. When 
temperature is the responsible for the activation of the reaction, the reached temperatures are much 
higher to achieve the same levels of conversion. 
 
Figure 30 Selectivity towards CH4 in function of the power input on a 15Ni 30Ce 55Alumina catalyst. Filled symbol 
corresponds to insulated reactor and void symbol to non-insulated reactor. 
As seen in Figure 30, the selectivity decreases at, what at first glance, would seem higher power input. 
As observed in Figure 31, this idea can be discarded, as the selectivity is different for the non-insulated 
and the insulated reactor at the same power input. The selectivity of the reactor reaches its maximum 
at 15W and remains stable until 25W. When insulation is added, the maximum conversion is similarly 
achieved, at 12W this time. The temperature, as mentioned before, is similar between these two 
points. As the temperature increases in the insulated reactor, with the addition of more power input, 
the selectivity towards CH4 decreases. Thus, the real factor behind the decrease of the selectivity is the 
temperature. 
However, like with CO2 conversion, this is only applicable to plasma activation. If the thermal activation 
is observed, the selectivity remains stabilized at all temperatures studied, thus confirming that 
temperature, in the studied range, only affects negatively if combined with plasma activation.  
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Figure 31 Selectivity towards CH4 in function of the temperature on a 15Ni 30Ce 55Alumina catalyst. . Filled symbol 
corresponds to insulated reactor and void symbol to non-insulated reactor. 
The first difference respect the empty reactor and the support-filled reactor the presence of the 
Sabatier reaction, which causes a non-linear evolution of the temperature of the mixed feed caused by 
the released heat of reaction, as seen in Figure 27. The curvature in the insulated reactor is hard to see 
however, but in the non-insulated reactor it is easy to spot. The evolution of the temperature is similar 
to that of the empty reactor, but with higher temperature, differences presented in Table 6. At lower 
power input, before the reaction begins more precisely, the empty reactor presents a higher 
temperature, whereas at higher power inputs the temperature of the reactor with catalyst quickly 
surpasses that of the empty reactor. 
In the same pattern, as seen in Table 6, the temperature in the reactor with the, once the Sabatier 
reaction begins, is higher than that of support-filled reactor but before that point is lower.  
Both this cases can be explained by the presence of Ni and Ce in the plasma, however the effect of 
their presence in the plasma is not in the scope of this project. 
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Table 6 Temperature difference between empty reactor and support-filled (Al2O3) reactor and 15Ni30Ce catalyst with 
4:1 ratio CO2:H2 feed with insulation. 
Power 
15Ni30Ce Empty Alumina ΔT=15Ni30Ce- Empty 
ΔT=15Ni30Ce- 
Al2O3 
W ⁰C 
5 81.4 101.7 110.4 -20.2 -28.9 
10 164.8 186.4 196.6 -21.6 -31.9 
15 369.0 258.2 283.0 110.8 86.0 
20 384.2 315.9 359.6 68.2 24.5 
25 480.3 0 442.5 480.3 37.8 
Due to similarity in results and behavior of the results of both catalysts, the results of the 25Ni20Ce 
catalyst, as well as its comparison with the empty reactor and the support-filled reactor, can be found 
in ANNEX C 25Ni 20Ce 55γ-Al2O3 catalyst results.  
 
5.2.4. Discussion  
With all the test results already reviewed, the next step is the comparison between the catalysts in 
order to select the one that suits the process the most. To do so, the comparison will take into account 
the temperature, the achieved CO2 conversion and the selectivity towards CH4. On section 5.3, energy 
efficiency will be also analyzed. 
Firstly, while the evolution of the temperature reactor on both catalysts is similar, as seen in Figure 27 
and Figure 36, there is still an important difference. As observed in Table 7, the temperature on the 
15Ni30Ce catalyst is higher than that of 25Ni20Ce catalyst. This occurs on all the gas compositions and 
independently of the presence of insulation. This confirms that the presence of Ni and/or Ce in the 
plasma induces a reduction of the reactor temperature. The effects of the catalyst composition on the 
temperature is not in the scope of this project, but it is a fact that the 15Ni30Ce catalyst has higher 
temperature. As discussed before, this can be positive or negative in function of the power input and 
the presence or not of insulation. 
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Table 7 Temperature in a 15Ni30Ce catalyst and 25Ni20Ce catalyst with 4:1 ratio CO2:H2  feed with insulation. 
Power input 15Ni30Ce 25Ni20Ce ΔT=15Ni30Ce- 25Ni20Ce 
W ⁰C 
5 81.4 65.9 15.5 
10 164.8 130.7 34.1 
15 369.0 253.3 115.7 
20 384.2 347.0 37.2 
25 480.3 404.7 75.6 
 
On the topic of conversion, there are a few differences that should be noted. To begin, the conversion 
of CO2 in a pure CO2 stream shows a similar trend on an insulated reactor but differs on the reactor 
without insulation, with the 25Ni20Ce catalyst having higher conversion. The conversion of CO2 one a 
pure CO2 feed however is not the main purpose of the catalyst.  
Likewise, when the 4:1-H2:CO2 mixed feed is considered, there are some noteworthy differences. As 
explained before, the 25Ni20Ce catalyst has a slower increase on conversion from 10W to 20W, before 
reaching the maximum conversion at 25W, with 78% conversion. On the other hand, the increase in 
conversion of the 15Ni30Ce catalyst is quicker, reaching the maximum 25W with 80.2%. Moreover, the 
conversion at 20W is of 80% making the increase in conversion from 20W to 25W almost negligible. So 
the conversion of CO2 is higher in the 15Ni30Ce at lower power input before equalizing. Although if 
insulation is added to the reactor this differences minimize, having a very similar evolution of 
conversion. Both catalysts’ conversion begins at 10W and the increase in conversion is very pronounce. 
In the 15Ni30Ce catalyst the maximum is reached at 12W at 79.4%, while at the 25Ni20Ce catalyst is 
achieved at 14W with 78.8%. In both catalysts there is a region of stability from 12W to 14W before 
starting a downward trend from 15W onwards. The difference begins at 25W where the 15Ni30Ce 
begins to show a more pronounced decrease in the conversion, as can be seen in Table 8. The slight 
difference in conversion cannot be associated with temperature in this case as observed in Table 7, 
where there are substantial differences in the temperature of the reactor for both catalysts. Yet the 
difference in conversion is minimal at all power inputs. Thus, the parity of the conversion, given the 
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previous results, can only be attributed to equal activity of both catalysts, alongside a combination of 
plasma-catalysis and effect of temperature in advancing the reaction to lower power inputs. 
 
Table 8 CO2 conversion in  a 15Ni30Ce catalyst and a 25Ni20Ce catalyst on insulated reactor. 
Power input 15Ni30Ce Catalyst 25Ni20Ce Catalyst ΔXCO2=15Ni30Ce- 25Ni20Ce 
W % 
5 0.3 0.0 0.3 
10 4.9 1.1 3 
12 79.4 77.1 2.3 
14 78.4 78.8 -0.5 
15 74.9 76.5 -2.0 
20 74.8 75.5 -0.8 
25 68.5 69.5 -1.0 
 
Table 9 Difference in selectivity towards CH4 between a 15Ni30Ce catalyst and a 25Ni20Ce catalyst on an insulated 
reactor. 
Power 
input 
15Ni30Ce Catalyst 25Ni20Ce Catalyst ΔSCH4=15Ni30Ce- 25Ni20Ce 
W % 
5 0 0 0 
10 67.1 48.7 18.4 
12 98.5 99.0 -0.6 
14 97.4 98.8 -1.3 
15 89.2 98.9 -9.7 
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20 93.8 96.2 -2.4 
25 72.3 88.3 -16.0 
Similarly, the selectivity towards CH4 of the 15Ni30Ce follows a trend similar that of the 25Ni20Ce 
catalyst with few differences, both in the non-insulated reactor and in the insulated reactor. There is a 
slightly better selectivity at lower power input in the 15Ni30Ce catalyst, as stated before, that can be 
attributed to the better activity at those potencies of the catalyst, while also having a worse selectivity 
at the higher end of the studied range. On both catalysts the selectivity on thermal activation is very 
high (>98%) and very stable, remaining the same though all the studied range. This proves that 
temperature has little influence on selectivity on the studied range if considered alone. 
In conclusion, the results of the comparison are: 
 The presence of catalyst in the reactor increases the overall temperature, mainly by the heat 
released by the Sabatier reaction. 
 The insulation of the catalyst increases even more the temperature, thus increasing the 
conversion at lower power input. 
 The 15Ni30Ce presents a higher reactor temperature than the 25Ni20Ce catalyst. 
 The conversion is independent of the composition of the two catalysts. 
 The 25Ni20Ce presents a higher selectivity at higher power inputs. 
5.3. Energy efficiency 
A key feature on the industrial application of plasma-catalysis for CO2 methanation is the energy 
efficiency of the process. The implementation of the power-to-gas system, eq. 4.4.4, needs a stage of 
conversion of water into hydrogen, that will already have an efficiency of <100%, usually estimated at 
around 60-85%, the energy efficiency in this stage has to be the highest possible for a feasible 
implementation of the process at industrial scale. 
For this work, the useful energy on CH4 and H2 was taken as their respective lower heating values, 801 
kJ/mol and 242 kJ/mol respectively. Taking this into account, the maximum efficiency, when the power 
input is of 0W, is of: 
𝜼 =
𝑬𝑪𝑯𝟒
𝑬𝑯𝟐
=
𝑳𝑯𝑽𝑪𝑯𝟒
𝟒 · 𝑳𝑯𝑽𝑯𝟐
= 𝟖𝟐. 𝟕𝟓% 
 
This value decreases with the input of power with plasma, as seen in Figure 32 and according to 
eq.4.4.4. This decrease in the efficiency is the main reason why accomplishing higher conversions at 
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lower power inputs is of great importance, as the efficiency increase with more CH4 production for 
input unit. 
 
Figure 32 Energy efficiency of the process and catalyst. Filled symbol corresponds to insulated reactor and void symbol 
to non-insulated reactor. 
As observed in Figure 32, there are differences there are differences between the catalysts that ought 
to be noted. In the case of the 15Ni30Ce catalyst, the energy efficiency is of near 0% until a power input 
of 10W, as there is little to no conversion. Once the 15W mark is reached however, the efficiency 
increases according to the conversion. The efficiency reaches its maximum at 20W, with a conversion 
of 38,7%, in contrast with the maximum conversion reached at 25W, with an efficiency of 35,1%. This 
can be explained by the marginal increase that presents the catalyst from 20W to 25W and the increase 
in power input, which creates a decrease in energy efficiency. Then, the catalyst begins a downward 
trend from 20W onwards. Analogously, for the 20Ni25Ce catalyst there is little or no conversion until 
the 10W threshold is passed so the energy efficiency is near 0%. From then onwards the efficiency 
begins, achieving the maximum efficiency at 20W, with 36,8%, and likewise, the efficiency begins to 
decline at higher power input, due to the marginal increase in conversion in that range. However, the 
efficiency of the 25Ni20Ce catalyst is overall lower than the 15Ni30Ce catalyst. The maximum efficiency 
is of 38.8% with the 15Ni30Ce catalyst then. 
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With the addition of insulation to the reactor, the energy efficiency trend changes drastically. For the 
15Ni30Ce catalyst there is almost no conversion before 12W so until that point the energy efficiency is 
of near 0%. At 12W the conversion spikes and so does the energy efficiency, reaching its maximum at 
46%. From that point onwards there is a downward trend, that emphasizes at 25W. This behavior is 
very similar to that of the 25Ni20Ce catalyst. Likewise, until 12W the conversion if near 0% and, 
therefore, so is the energy efficiency. At 12W the efficiency reaches its maximum at 44,7%, a bit lower 
than the 15Ni30Ce catalyst. The descending trend also takes place in this catalyst, however the 
emphasis on the descend at 25W is less pronounced.  Thus, there is little difference between both 
catalysts at its maximum efficiency, at 12W, but the 15Ni30Ce catalyst shows slightly better results at 
its maximum. Furthermore, the addition of insulation to the reactor proves to be beneficial not only to 
the conversion of CO2, as stated in section 5.2.4, but also to the energy efficiency. Although an excess 
of temperature proves to be detrimental to the energy efficiency, especially to the 15Ni30Ce catalyst, 
as well as to the conversion of CO2. 
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6. Environmental assessment 
From the day to day operation, the environmental risk is very low as the reagents of the process are 
common gases and the waste is, likewise, inert gases common in the atmosphere. The only part of the 
reactor that is detrimental to the environment is the catalyst, whose components may prove to be 
prejudicial if handled without care. The catalyst, in case of need a replacement, will be thrown in a 
special container for substances with nitrates to be processed correspondingly.  
In the case of a leakage, the main issue would be the ignition of the gases, especially H2 and CH4. To 
prevent this leakage periodical revisions of the system should be done and sensors installed in case of 
a leak. For the combustion part, a correct extraction of the gases to more safe locations should be 
installed in the facility, as well as ambient conditions adequate so as not to surpass the activation 
energy of the combustible gases.  
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7. Conclusions 
In the present work a plasma catalytic system was presented for the methanation of CO2. The study 
was focused on two catalysts (15Ni30Ce55Al2O3 and 25Ni20Ce55Al2O3) on a reactor with and without 
insulation. 
The presence of plasma enhances the activity of the reaction at lower temperatures (<250⁰C). Both 
catalysts reach the peak of conversion at 25W with conversions of 80,2% for the 15Ni30Ce55Al2O3 and 
78.6% for the 25Ni20Ce55Al2O3. The maximum energy efficiency is reached, however, at 20W with 
38,8% and 37% respectively. Below 10W there is really low or no conversion. The best composition of 
the catalyst for this system is 15Ni30Ce55Al2O3. 
 The heat insulation caused a significant increase in the reactor temperature. This temperature 
increase should be handled with care for it can be detrimental to the conversion and to the selectivity 
towards CH4 at the higher end of the studied range (<300⁰C). Nevertheless, temperature has a positive 
effect on conversion at lower power input, advancing the peak of conversion to 12W with high 
selectivity. However, further increase of temperature will decrease conversion and selectivity towards 
CH4 due to competitive reactions and displacement towards reagents.  
As stated before, higher temperatures show a positive effect on lower power input increasing the 
conversion. In the case of insulated reactor, the maximum conversion was reached at 12W with 79.4% 
and at 14W with 78.8% for the 15Ni30Ce and 25Ni20Ce respectably. The maximum efficiency, 
however, was reached by both catalysts at 12W and had 46% and 44.7% respectably. This combined 
with the discussed results confirm that the composition of the catalyst has little effect on the energy 
efficiency on an insulated reactor. Like with the non-insulated reactor results, below 10W there is little 
to no conversion and from 25W onwards a diminishing conversion.  
In conclusion, the most efficient configuration, energetically speaking, is with an insulated reactor, with 
the 15Ni30Ce55Al2O3 catalyst and a power input of 12W. 
There are certain points that should be studied that could improve the energy efficiency of the system 
and increasing the viability of the process. The effect on energy efficiency of the flow rate of the feed 
should be studied more in depth. In the same note, the effect of the proportion of H2:CO2 in the 
efficiency should be studied more in depth. Current proportion, stoichiometric, is the most efficient as 
of the writing of this project but a more in depth study to corroborate this to be true with plasma-
catalysis. As stated in the work, pressure has a direct effect on the plasma. This effect may prove to be 
beneficial so a study on the more optimal working pressure should be considered. Finally, for better 
understanding on the mechanism of reaction with plasma an in depth study should be considered. 
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These mechanics are complex and have still many unknowns but with better comprehension further 
improvements of the system could be developed. 
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8. Budget 
The cost of the used equipment used in the project is listed in Table 10 and the cost of the reagents is 
listed in table Table 11. The equipment cost is based on the estimated amortization of the equipment 
during the used time. The cost of the tests for the catalysts is shown in Table 12 (51). 
 
Table 10 Amortization  of equipment used. 
Equipment Cost(€) 
Reactor system, including: plasma generator, 
reactor, electrodes, High voltage probe 
Tektronix P6015A, heating wire, oscilloscope… 
667 
Gas Chromatograph 490-GC 1905 
 
 
Table 11 Cost of reagents. 
Reagent Cost(€)/bottle Bottles used Cost(€) 
H2 37 0.015 0.555 
CO2 44 0.008 0.366 
CO2/H2 1:4 mixture 180 0.043 7.74 
 
Table 12 Cost of tests for the catalysts. 
Test Cost (€/h) Hours used Cost(€) 
SEM 64.12 3 192.36 
XRD 36.41 4 145.64 
H2-TPR 31.2 4 124.8 
Fisisorption 17.76 25.5 448.8 
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TG 10.81 16 172.96 
 
The direct cost of the project has been 3665.22€. This cost does not take into account the personnel 
cost, the cost of rent or other indirect costs as water, electricity… Neither was taken into account the 
operating margin.  
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ANNEX A Equations used for the results 
The equations used to calculate the composition with the results of the gas chromatograph are:  
For H2: 
𝑯𝟐 = 𝟐. 𝟗𝟑𝟐𝟖 · 𝟏𝟎
−𝟖 · 𝑨𝑯𝟐
𝟐 + 𝟑. 𝟐𝟒𝟑𝟑 · 𝟏𝟎−𝟑 · 𝑨𝑯𝟐 (Eq. A.1) 
For CH4: 
𝑪𝑯𝟒 = −𝟏. 𝟓𝟒𝟗𝟔 · 𝟏𝟎
−𝟔 · 𝑨𝑪𝑯𝟒
𝟐 + 𝟐. 𝟏𝟐𝟕𝟒 · 𝟏𝟎−𝟐 · 𝑨𝑪𝑯𝟒 (Eq. A.2) 
For CO: 
𝑪𝑶 = −𝟖. 𝟏𝟖𝟖 · 𝟏𝟎−𝟔 · 𝑨𝑪𝑶
𝟐 + 𝟏. 𝟕𝟓𝟗 · 𝟏𝟎−𝟐 · 𝑨𝑪𝑶 (Eq. A.3) 
For CO2: 
𝑪𝑶𝟐 = −𝟏. 𝟓𝟏𝟖𝟐 · 𝟏𝟎
−𝟔 · 𝑨𝑪𝑶𝟐
𝟐 + 𝟏. 𝟒𝟐𝟑𝟗 · 𝟏𝟎−𝟐 · 𝑨𝑪𝑶𝟐  (Eq. A.4) 
The calculations used for the estimation of the energy received by each molecule in section 5 are the 
following: 
𝑬𝒏𝒆𝒓𝒈𝒚 𝒂𝒅𝒅𝒆𝒅: 𝟏𝑾 = 𝟏
𝑱
𝒔
𝒙
𝟏𝒆𝑽
𝟏. 𝟔𝟎𝟐𝟏𝟕𝟔𝟔𝟐𝟎𝟖𝒙𝟏𝟎−𝟏𝟗𝑱
 
(Eq. A.5) 
𝑴𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒓𝒆𝒄𝒆𝒊𝒗𝒊𝒏𝒈 𝒆𝒏𝒆𝒓𝒈𝒚: 𝟎. 𝟏𝒙𝑭𝒍𝒐𝒘 𝑪𝑶𝟐
𝒎𝑳
𝒎𝒊𝒏
𝒙
𝟏𝑳
𝟏𝟎𝟎𝟎𝒎𝑳
𝒙
𝟏𝒎𝒐𝒍 𝑪𝑶𝟐
𝟐𝟐. 𝟒𝑳
𝒙 
1𝑚𝑜𝑙 𝐶𝐻4
1𝑚𝑜𝑙 𝐶𝑂2
𝑥
1𝑚𝑖𝑛
60𝑠
𝑥
6.02214075𝑋1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝐶𝐻4
1𝑚𝑜𝑙 𝐶𝐻4
 
(Eq. A.6) 
𝑴𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒓𝒆𝒄𝒆𝒊𝒗𝒊𝒏𝒈 𝒆𝒏𝒆𝒓𝒈𝒚: 𝟎. 𝟏𝒙𝑭𝒍𝒐𝒘 𝑯𝟐
𝒎𝑳
𝒎𝒊𝒏
𝒙
𝟏𝑳
𝟏𝟎𝟎𝟎𝒎𝑳
𝒙
𝟏𝒎𝒐𝒍 𝑯𝟐
𝟐𝟐. 𝟒𝑳
𝒙
𝟏𝒎𝒐𝒍 𝑪𝑯𝟒
𝟒𝒎𝒐𝒍 𝑯𝟐
𝒙 
𝟏𝒎𝒊𝒏
𝟔𝟎𝒔
𝒙
𝟔. 𝟎𝟐𝟐𝟏𝟒𝟎𝟕𝟓𝑿𝟏𝟎𝟐𝟑 𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝑪𝑯𝟒
𝟏𝒎𝒐𝒍 𝑪𝑯𝟒
  
(Eq. A.7) 
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𝑬𝒏𝒆𝒓𝒈𝒚 𝒓𝒆𝒄𝒊𝒆𝒗𝒆𝒅 𝒑𝒆𝒓 𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆 =
𝑬𝒏𝒆𝒓𝒈𝒚 𝒂𝒅𝒅𝒆𝒅
𝑴𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝒓𝒆𝒄𝒆𝒊𝒗𝒊𝒏𝒈 𝒆𝒏𝒆𝒓𝒈𝒚
=
𝒆𝑽
𝒔
𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝑪𝑯𝟒
𝒔  +
𝒎𝒐𝒍𝒆𝒄𝒖𝒍𝒆𝒔 𝑯𝟐
𝒔  
 
(Eq. A.8) 
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ANNEX B CO2 adsorption results 
The process for this test was the following: first the sample is brought to 35⁰C to begin the test, with a 
gas flow of 12% H2/Ar. Next, the temperature is raised up to 120⁰C and maintained at this temperature 
for 1h to dry the sample. Following the sample is brought to 500⁰C and maintained there for 4 hours 
to reduce the sample. The next step is a reduction of the temperature once again to 35⁰C. Finally, the 
gas flow is change to 10% CO2/Ar and measured the change in the mass of the sample. This increase is 
the adsorption of CO2 per unit of mass of the sample. Additionally, from the signal of calorimetry the 
enthalpy can be obtained. 
 
Figure 33 Results of CO2 adsorption at 35 ºC for the support. 
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Figure 34 Results of CO2 adsorption at 35 ºC for the 15Ni30Ce catalyst. 
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Figure 35 Results of CO2 adsorption at 35 ºC for the 25Ni20Ce catalyst. 
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ANNEX C 25Ni 20Ce 55γ-Al2O3 catalyst results 
Due to similarity between the catalysts behavior, the results of this catalyst will be explained in this 
section. 
These tests, like the previous cases, were carried on at atmospheric pressure and the studied range of 
power input was from 5W to 25W. However, in this case, to obtain certain information of interest a 
different power input increase was used at the initial stages of the tests, as will be seen later.  
The first change to notice, as seen in, is that the behavior of the temperature in this case is slightly 
different on the case of the CO2/H2 feed. This is caused by the presence of the Sabatier reaction, an 
exothermic reaction as was previously explained in section 3.3.1. This additional heat produced by the 
reaction causes an increase in the temperature of the reactor. This increase begins at the start of the 
reaction, which is c.a. 10W and has an effect proportional to the amount of conversion through 
Sabatier reaction present. This behavior is independent of the presence of insulation on the reactor. 
On the other hand, the other two composition of the feed are mostly lineal, except the case of the pure 
CO2 stream on an insulated reactor, where there is a small reduction on the temperature increase trend 
at 25W. The temperature reached is of c.a. 180⁰C at 25W of power input for all the composition of the 
feed, with a slightly higher temperature on the mixed feed, as explained before. However, when 
insulation is added to the reactor this temperature is increased considerably. For the pure H2 and CO2 
feeds, the achieved temperature is of c.a. 335⁰C at 25W. Yet the temperature reached with the mixed 
feed is of more than 400⁰C. As explained before, this difference is due to the presence of the Sabatier 
reaction. 
Furthermore, the conversion of CO2 in the reactor with catalyst differs greatly depending on the feed. 
If pure CO2 is inserted in the reactor, the conversion is low, achieving barely 4,5% of conversion. The 
trend of CO2 conversion is of increase with the power input. When insulation is added to the reactor 
the conversion is slightly lower, achieving just c.a. 2% of conversion at 20W. Likewise, the trend of 
conversion is the same with or without insulation. On the other hand, when H2 is added to the feed in 
the form of mixed feed, the behavior is completely different. As seen in Figure 37, the Sabatier reaction 
begins at c.a. 10W, with little to no conversion before that point. From 10W onwards the conversion 
begins to rise until the maximum conversion is reached at 25W, with c.a. 79% conversion. However, 
the increase in conversion from 20W to 25W is of 2,5%, making this increase difficult to attribute to 
the effect of the power input. As will be seen later, in section5.3, the most efficient point is at 20W.  
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Figure 36 Steady state temperature in function of the power input on an 25Ni 20Ce 55Alumina catalyst. Filled symbol 
corresponds to insulated reactor and void symbol to non-insulated reactor. 
Excluding the role of the catalyst in the activation of the reaction, the sudden increase in conversion at 
c.a. 12W can be explained by the power applied with the plasma, and received by the molecules, and 
the minimum energy necessary for the dissociation of each species. Taking into account that, in DBD 
generated plasma, only 1-10% of the gas flow receives electrical discharges (50), the energy received 
per molecule of gas at diverse power input is shown in Table 13.  It is calculated with the premise that 
10% of the gas flow receives discharges, so they are estimations to be used as guidelines. But as can 
be seen, at 10W the energy received is reaching the threshold of dissociation energy, explaining the 
minimal amounts of conversion mentioned before, and at 12W the energy needed is surpassed and 
the reaction begins. Is to be expected that higher flows need more power input but this is not in the 
scope of this project. 
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Table 13 Energy received per molecule on a 25Ni 20Ce 55Alumina catalyst. 
Ptheorical  Preal  Flow Energy received 
W mL·min-1 eV/molecule 
5 5,3 200 3,7 
10 9,8 200 6,8 
12 11,7 200 8,1 
14 13,7 200 9,5 
15 14,9 200 10,4 
20 20,6 200 14,3 
25 25,1 200 17,5 
Whereas the maximum conversion is reached at 25W, when insulation is added this changes 
drastically. As in the case without insulation, before 10W there is no reaction. However, once this point 
is passed there is a sudden increase in the CO2 conversion. As aforementioned, the beginning of the 
reaction at this power input is the energy received by each molecule. Even so, the increase in 
conversion from 10W to 12W in the insulated reactor is very different to the reactor without insulation. 
The insulated reactor achieves maximum conversion at 14W, with c.a. 79%, but the conversion reaches 
a conversion of 77% at 12W. From 14W onwards the conversion begins a slow decreasing trend until 
25W, where conversion is of c.a. 70%. The sudden increase in conversion on the insulated reactor can 
only be attributed to the increase in temperature under adiabatic conditions. This temperature 
promotes the conversion at lower power inputs but, as the downward trend shows, is detrimental at 
high power inputs, or high temperatures. As seen in Figure 38, the temperature of maximum 
conversion on both reactors, with and without insulation is the approximately same. Thus, this further 
proves that temperature is key to achieve maximum conversion with plasma activation. However, the 
plasma is the key to obtain high conversion at lower temperature. As seen in the same graphic, the 
conversion of CO2 when activated with plasma does not reach its maximum levels until 400⁰C, which 
further proves that temperature is a key factor in the conversion, but without the activation of the 
reaction of the plasma it is not possible to reach high level of conversion at low temperatures. The 
effect of high temperature is a displacement of the reaction towards the reactants and the reaction of 
conversion of CO2 to CO, which is undesired for this study. 
TEMPERATURE EFFECT ON DBD PLASMA-CATALYSIS FOR CO2 CONVERSION TO SYNTHETIC NATURAL GAS 
  77 
 
Figure 37 CO2 conversion in function of power input on a 25Ni 20Ce 55Alumina catalyst. Filled symbol corresponds to 
insulated reactor and void symbol to non-insulated reactor. 
 
Figure 38 CO2 conversion in function of temperature on a 25Ni 20Ce 55Alumina catalyst. Filled symbol corresponds to 
insulated reactor and void symbol to non-insulated reactor. 
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This decrease in selectivity is caused by a combination of the temperature and the power input of the 
plasma. As it can be seen in Figure 40, the selectivity towards CH4 of the insulated reactor begins to 
decrease at c.a. 250⁰C, while at the same temperature the thermal activation has a selectivity of near 
100%. From that point upwards, the selectivity on the plasma activation continues to decrease to 90%, 
while the selectivity on thermal activation remains stable at near 100%. On the other hand, the 
selectivity of the non-insulated reactor reaches its maximum at 15W, around 150⁰C, and remains stable 
for the remaining of the experiment at near 100%.  
This confirms that the decrease on selectivity is due to a combination of the increase in temperature 
and the higher power input, increasing the conversion of CO2 onto CO for one part and displacing the 
reaction towards the reactants on the other side. This behavior would be expected of both, non-
insulated reactor and thermal at higher power input and temperature respectively.  
 
 
Figure 39 Selectivity towards CH4 in function of the power input on a 25Ni 20Ce 55Alumina catalyst. Filled symbol 
corresponds to insulated reactor and void symbol to non-insulated reactor. 
As in the empty reactor, the temperature of the reactor without insulation shows little difference 
between the different feed composition, excluding that of the mixed stream, where the reaction has a 
direct effect on the temperature. A noteworthy difference is that the overall temperature of the 
reactor with the catalyst is lower than that of the support-filled reactor. This behavior is general for all 
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the compositions of the feed and independent of the presence of insulation in the reactor, except the 
case of non-insulated reactor with CO2/H2 feed.   
 
Figure 40 Selectivity towards CH4 in function of the temperature on a 25Ni 20Ce 55Alumina catalyst. Filled symbol 
corresponds to insulated reactor and void symbol to non-insulated reactor. 
 
Table 14 Temperature difference between empty reactor and support filled (Al2O3) reactor and 25Ni20Ce catalyst with 
4:1 ratio CO2:H2  feed with insulation. 
Power 
input 
25Ni20Ce Empty Al2O3 ΔT=25Ni20Ce- Empty 
ΔT=25Ni20Ce- 
Al2O3 
P(W) T(⁰C) 
5 65.9 101.7 110.4 -35.8 -44.5 
10 130.7 186.4 196.6 -55.7 -65.9 
15 253.3 258.2 283.0 -4.9 -29.7 
20 347 315.9 359.6 31.1 -12.6 
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25 404.7 - 442.5 - -37.8 
As can be seen in Table 14, the temperature difference is negative in the lower part of the studied 
range. However, at the higher end, where the temperature is the highest due to the Sabatier reaction 
and the presence of insulation, this changes and the temperature on the reactor with the catalyst 
surpasses that of the empty reactor. Yet, the temperature still remains lower than the same case in the 
support-filled reactor, as observed in Table 14, even when the Sabatier reaction is taking place. This is 
caused by the presence of Ni and/or Ce in the catalyst, that causes an alteration on the plasma 
characteristics, due to different dielectric constants, and both thermal and electric conductivity and 
even interactions between them. 
The conversion of CO2 on a pure CO2 feed is similar to that of the empty reactor, but lower than that 
of support-filled reactor. The selectivity is of 100% towards CO, like the previous cases and increases 
with power input and temperature. This, however, changes dramatically when H2 is added, as 
explained before. The mixed feed has little to none conversion at lower power input, from 0W to10W, 
and like the case of pure CO2 stream, its selectivity towards CO is near 100%, but this changes from 
then on, as can be seen in Figure 39. Both configurations of the reactor present a similar trend.  
 
 
 
